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ABSTRACT
ENGINEERING TUNABLE PLASMONIC NANOSTRUCTURES TO ENHANCE UPCONVERSION
LUMINESCENCE
Marjan Saboktakin
Cherie. R. Kagan
Plasmonic nanostructures, which can confine and manipulate light below the
diffraction limit, are becoming increasingly important in many areas of optical physics
and devices. One of the areas that can greatly benefit from surface-plasmon mediated
confinement of optical fields is the enhancement of emission in low quantum yield
materials. The resonant wavelength for plasmonic structures used for emission
enhancement is either the excitation or emission wavelengths of the luminescent
material. Therefore, a key component in designing plasmonic structures used in
luminescent enhancement applications is the ability to engineer and tune plasmonic
building blocks to create structures resonant at the desired wavelength. In this thesis,
we have used two approaches to build tunable structures for luminescent
enhancement: 1) using already synthesized metallic nanocrystals resonant at the
desired wavelengths as building blocks, we designed structures that would result in
maximum emission enhancement. 2) Designing arrays of plasmonic nanostructures
with the help of simulation software to be resonant at the desired wavelength and then
vii

fabricating them with top-down nanoscale fabrication techniques. In either approach,
the resulting large area structures were macroscopically studied by steady state and
time-resolved photoluminescence measurements to quantify the plasmonic effects on
enhancement. We were able to achieve high enhancement factors in almost all of the
structures and designs. Furthermore, we were able to identify and study various effects
that play a role in plasmonic enhancement processes.
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CHAPTER 1: Introduction
1-1: Plasmonics:
The interaction of light with matter has fascinated scientists for centuries. This
interaction is possible because the energy of photons in the optical region largely
overlaps with the range of electronic transitions in matter. This overlap brings about
many fascinating phenomena in nature and allows for manipulation of various
characteristics of materials by light. As an important and versatile class of materials,
metals and their optical properties have always been a part of scientific studies. It is well
known that for frequencies up to the visible part of the spectrum metals are highly
reflective and do not allow electromagnetic waves to propagate through them. As a
result, metals have been traditionally used as cladding layers in waveguides, resonators
and similar structures operating at microwave frequencies. However, it was the distinct
ability of some metals at optical frequencies to sustain surface and volume charge
density oscillations in their free electronic gas that opened up a new area of study in the
recent decades called plasmonics.
Plasmonics offers the opportunity to confine light to very small dimensions.
Electromagnetic surface waves called surface plasmons (SPs) that occur at a metaldielectric interface at optical frequencies are tightly bound surface waves with decay
lengths in the order of 10 nm (two orders of magnitude smaller than the wavelength of
the visible light in air). This feature of SPs provides the possibility of localization and
guiding of light in subwavelength metallic structures, films, or nanoparticles. As a result,
1

it has the potential to be used in construction of optoelectronic circuits 1–4. In addition,
the strongly enhanced optical near-fields produced by SPs can be used in optical imaging
techniques to achieve below the diffraction limit image resolution5–7 as well as in
nanolithography techniques to fabricate sub-100 nm features using visible light sources8–
11

. Furthermore, plasmonics can help in the generation and manipulation of

electromagnetic radiation in various wavelength regimes by potentially causing large
enhancements in the quantum efficiencies of emitters as sensors12,13 or light sources14–
17

, and even it can be used to enhance the performance of lasers18.
The frequency at which a plasmonic resonance occurs in nanostructures or

nanoparticles however, is strongly dependent on not only the dielectric function of the
materials used but also on the shape, dimensions, and periodicity of the structures in
resonance. In effect, this characteristic gives us the exciting ability to tailor the resonance
of plasmonic structures according to the specifics of the problem at hand. The tunability
of plasmonic resonant structures has made them a versatile tool in various applications
promoting the use of new designs and materials that could provide the desired resonant
characteristics. Nowadays, the field of plasmonics is no longer only limited to metals, but
various materials such as indium tin oxide (ITO)19–21, aluminum-zinc-oxide (AZO)21,
titanium nitride22, and even graphene23,24 have found their way in this expanding and
growing field. Plasmonic materials that are under focus in this thesis however, consist of
noble metals namely gold and silver in the forms of fabricated nanostructures and
synthesized nanoparticles, with various sizes and shapes each providing their own unique
2

resonant properties. The focus of this thesis is on designing various tunable metallic
nanostructures that could be tailored to enhance the luminescence emission of a class of
low efficiency luminescent upconverting nanocrystals. Chapter 1 will begin with a brief
introduction to the plasmonic resonance properties in nanostructures, and their shape
and size-dependent properties as well as their concentration or periodicity in the
surrounding dielectric medium. Next, the role of plasmonic resonances on the
enhancement of luminescence will be discussed. Finally, an outline of the thesis will be
provided at the end of this chapter.

1-2: Plasmonic properties in metal nanostructures:
The optical properties of metal nanoparticles and especially those of noble metals
show a significant difference from their bulk or thin film optical responses. When a
metallic nanostructure is placed in an ambient medium with a positive real dielectric
permittivity under electromagnetic radiation, a resonance in the nanostructure’s internal
electric field is to be expected25–27. The resonant electromagnetic behavior of noblemetal nanoparticles is due to the conﬁnement of the conduction electrons to their small
volume. For particles with a diameter much smaller than the incident wavelength, the
electric field can be approximated to be the same in every position in the structure. As a
result, the electron cloud (d electrons in gold and silver) can oscillate in phase. As the
electromagnetic wave passes through, the electron cloud in the nanostructure becomes
polarized to one surface and oscillates in resonance with the frequency of the incident
wave causing a standing wave. The frequency of this resonance however, depends on
3

both the size and shape of the nanostructure itself, as well as on the ambient dielectric
medium surrounding the nanostructure.

Figure 1-1.Schematic of the surface plasmon resonance in a metal nanoparticle due to
coupling to incident electromagnetic radiation
The size dependence of the plasmonic response becomes important mainly when
the size of the metal nanostructure becomes smaller than the mean free path of the
electrons in the metal, which is about 40-50 nm in gold and silver. In nanostructures
comparable to this size then, what happens close to the surface of the particle becomes
quite important as surface scattering dominates over other scattering processes. As a
result, the resonance of the nanoparticles at this size is often referred to as surface
plasmon resonance as it is located at the surface. The most prominent feature of the size
effects are observed in the broadening of the absorption spectrum of the nanostructures
as the structures become smaller in size. This is due to the fact that surface scattering is
4

the damping rate which determines the width of the resonant absorption, and it
becomes more dominant as the structure becomes smaller in size 27. The shape of the
nanostructure also can change the resonant wavelength as it changes the surface
geometry, which in turn causes a change in the electric field density on the surface of the
structure. Effect of size and shape variation on the resonance spectra of Au nanoparticles
is depicted in Figure 1-2. Taking advantage of this tuning capability, many shapes and
sizes of nanoparticles have been synthesized

28–35

as the essential building blocks in

various applications with nanorods being the most popular class of nanoparticles
synthesized and studied

36–39

. In addition to nanoparticles, various shape and size

nanostructures have also been fabricated with various fabrication techniques40–43.

Figure 1-2. (a) Plasmonic resonance of various size Au nanoparticles. Reproduced from
Brit. J.Rad.85,2012,101-113. (b) Plasmonic resonance of various shapes Au nanoparticles:
Prolate ellipsoid, hemispherical-capped cylinder, and right cylinder compared at L/D1 =
2.03 and equal volumes. Reproduced from Adv. Funct. Mater. 2006, 16, 2170–2176.
5

Even though the effect of size variation is quite important in determining the
plasmonic behavior of nanostructures, the ambient dielectric medium that is hosting the
structure also has a crucial role in their optical response. In effect what determines the
plasmonic resonance of the structure is the maximum that occurs in the overall effective
permittivity of the space containing both the metal nanostructures and the ambient
dielectric which is: (

. Under external electric field (EO), the electric field (Eint) and

polarizability inside such a metal particle in a dielectric medium is dependent on the
dielectric function of metal particle [ε(ω)] and the dielectric function of the medium (εm):

Then, the plasmonic resonance occurs at the frequency where the denominator
|

| becomes a minimum. Above calculations are valid when we have a single

metallic particle in a dielectric ambient medium. However, in most cases, the plasmonic
structure consists of an ensemble of metallic nanoparticles dispersed in the dielectric
medium, or we have a periodic array of plasmonic elements embedded in the
surrounding dielectric. Various methods have been developed in order to find the
effective dielectric function of such structures in order to study their optical response in
various frequency regimes. Two of the most widely used approaches are the MaxwellGarnett theory (MGT)44 , and the Bruggeman effective medium theory (EMT)45 which are
each based on different assumptions on the relative concentrations of inclusions in the
composite and material properties of each inclusion in the mixture. In determining the
6

total effective dielectric properties of the mixture, an important factor is the total
volume fraction of the dispersed inclusions within the dielectric medium. As a result, in a
more complex structure of nanoparticle composites, the concentration of the metallic
nanoparticles plays a crucial role in determining the resonance of the whole composite.
This factor in fabricated arrays of nanostructures often is acknowledged as the
periodicity of the plasmonic array that can determine the volume fraction of plasmonic
structures and change the composition of the whole metal-dielectric structure.
The first calculations for the plasmonic resonance of nanostructures were
performed by solving Maxwell’s equations for small spheres in presence of
electromagnetic radiation46. Later on, the theory was extended to ellipsoidal
geometries47,48. Today, methods using the discrete dipole approximation (DDA) enable us
to calculate the surface plasmon resonance of any arbitrary geometry 49. As a result,
tuning and designing of nanostructures, using their size, shape, as well as the
surrounding medium and periodicity has become a powerful tool in plasmonic
applications.

1-3: Plasmonic and metal-induced luminescence enhancement:
Luminescence is broadly the emission of light from a material that has not
resulted from heating it. It happens when an electron in the material gets excited by an
external stimulus from its “ground” state into a higher energy state, and then returns to
its original state by emitting the energy in the form of a photon50. If the emission is
caused by a transition from an allowed excited electronic state to the ground state, the
7

process is specified further as fluorescence. In fluorescence the excited electron relaxes
to ground state without any spin changes, and as a result it has a relatively short lifetime.
Another related type of luminescence is called phosphorescence and it occurs when the
light emission is caused by a transition from a forbidden excited state to ground state. In
phosphorescence process, the spin of the excited electron flips, as a result of this process
being forbidden quantum mechanically, it takes much longer for it to release the energy
with the help of momentum from the lattice and come back to the ground electronic
state. As a result, timescale of phosphorescent processes tend to be much longer in
comparison to fluorescence emission. In both types of luminescence radiation, the
photon that is emitted by the excited system, usually has lower energy compared to the
energy of the photon that was first absorbed by the material. This energy loss is due to
vibrational transitions that occur in relaxation processes, which are released in the form
of heat. The simplest way to illustrate the different luminescence processes involved in a
simple system such as a molecule is using a Jablonski diagram showing both electronic
and vibrational transitions that can occur in the system (Figure 1-3).
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Figure 1- 3. Jablonski Diagram showing the process of fluorescence and
51
phosphorescence in an excited system.
When a luminescent emitter is excited to an electronically excited state, it often is
also vibrationally excited. However, the emitter tends to first rapidly relax into the lowest
vibrational energy of the electronic excited state. From there, it either relaxes back to the
ground state by emitting a photon, or by relaxing to the ground state in a non-radiative
way.
The efficiency of a flourophor’s emission is then dependent on whether the
excited flourophor relaxes to the ground state via the radiative process or a non-radiative
process. The measure of efficiency of a flourophor is its quantum yield (Qo) and it is
defined as the fraction of the excited flourophors which relax by radiative decay relative

9

to the total relaxation. Here Γ stands for the radiative decay rate of the excited emitter
while Knr stands for the non-radiative decay rate:

The total luminescence intensity emitted by the system can be calculated from the
quantum yield given the initial incident light intensity. When a material with absorptivity
ε is excited with electromagnetic wave with intensity Iexc, the total intensity absorbed by
the material becomes: I

abs=

Iexc · ε. From there, the quantum yield determines the

portion of the absorbed energy that will be re-emitted as luminescence:

Our ultimate goal in enhancing

can be achieved in two ways: 1) by increasing

the intensity of light that is absorbed by the system (absorption enhancement) and 2) by
improving the quantum efficiency of the emitter (dipole efficiency enhancement). We
first begin by examining ways of increasing the absorbed light intensity of the system,
followed by a discussion on dipole efficiency enhancement of the emitter.
1-3-1: Absorption enhancement:
As we explained earlier, when light impinges on a metal nanoparticle (NP), it
interacts with the free electrons of the metal causing charge and current oscillations
within the skin depth of the metal surface. At wavelengths resonant with the metal NP
plasmon frequency, this interaction results in local electric field strengths that are much
10

higher than that of the incident electromagnetic field. If a luminescent material is placed
in close proximity to such resonating plasmonic structures, it will feel an electric field that
is much more enhanced compared to locations further away from the resonant
structure. In fact, by placing it close to a resonant plasmonic structure, we have made the
effective excitation intensity that the luminescent system feels much more intense
compared with the actual incident excitation intensity. Since the absorption intensity is
linearly dependent on the excitation intensity as explained earlier, we can expect the
same order of enhancement in the intensity of light that is absorbed by the luminescent
system. 52

Figure 1- 4. (a) Enhancement of electric field intensity in the gap between two identical
silver nanospheroids as a function of the wavelength. (b) Spatial distribution of electric
field intensity for the main longitudinal resonance at 425 nm. The large semi-axes of the
nanospheroids are 15 nm, the aspect ratios are 0.6 and the gap width is 2 nm.
Reproduced from New J. Phys. 13 2011053034 doi:10.1088/1367-2630/13/5/053034
plasmonic structures can influence the emission process if their resonant
wavelength overlaps with the excitation frequency of the luminescent material. The local
11

intense electric fields (hot spots) in proximity to a pair of Ag nanorods, and the frequency
dependent electric field enhancement are depicted in Figure 1-4. Excitation intensity
enhancement that leads to the absorption enhancement of luminescent materials has
been used quite widely in recent years with the help of plasmonic nanoparticles or
fabricated structures53,54.
1-3-2: Dipole efficiency enhancement:
Before Purcell’s analysis in 194655, the spontaneous radiative emission rate and
quantum yield of the luminescent emitters were considered an intrinsic property of

53

atoms or molecules. Purcell’s work demonstrated that the probability of spontaneous
decay in excited atoms and quantum systems depends on the surrounding medium of
the emitter as well and could be altered accordingly. If the surrounding medium favors a
particular transition by perhaps resonating at the same frequency, the probability of that
transition’s occurrence will increase. Various resonant geometries have been built and
used in experiments that have proved the enhancement or otherwise inhibition of the
spontaneous emission rate of an emitter can be achieved by tuning56 or detuning57 the
resonant structure to coincide with the frequency of the quantum transition in the
emitter. Structures such as resonant cavities58,59, thin metallic films60,61, and photonic
crystals62–64 have been used to alter the emission rate of luminescent materials. The
enhancement is related to the strong electromagnetic field generated close to the
surface in resonant nanostructures65,66.
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Figure 1- 5. Jablonski diagrams of molecules located in (a) vacuum and (b) in
proximity to a metal surface
For a plasmonically enhanced flourophor the quantum yield (Qp) and lifetime (τp) is
altered as:

Where knr is the intrinsic non-radiative decay rate, and knrp is the additional non-radiative
decay rate due to the plasmonic structure, Γ is the intrinsic radiative decay rate and Γ p is
the additional radiative decay rate due to plasmonic coupling to the metal
nanostructure.67,68
Yet another way for the excited flourophor to relax to the ground state without
emitting light is through quenching. In this process the energy of the excited flourophor
is transferred to another molecule, metal particle, or structure which would be able to
non-radiatively relax to the ground state. This process usually causes a dramatic decrease
in the luminescence of the emitter.
13

Both plasmonic enhancement and quenching are distance dependent processes.
In too close proximity of the emitter to the plasmonic structure, the flourophors can be
quenched by resonant energy transfer to the metal.69,70 For quenching to occur however,
the flourophor has to be touching or within a few nanometers of the metallic structure
after which flourophor would begin to experience enhancement until it’s too far away
from plasmonic structure at which point emission intensity equals to the emission of an
unenhanced flourophor. By keeping a minimal distance from the metal structure, it is
possible then to use the beneficial effects of fluorescence enhancement and at the same
time prevent quenching of the flourophor71.

1-4: Outline of the thesis:
The main focus of this thesis is on various ways of designing and tuning plasmonic
nanostructures to enhance the luminescence emission of low quantum yield emitters.
This enhancement tuning was done through use of noble metal nanospheres, nanorods,
or nanostructures constructed through nanofabrication methods. As a probe of the
enhancement we have chosen a particular upconverting luminescent nanophosphor
namely hexagonal phase NaYF4 doped with rare earth dopants such as Yb3+ and Er3+ or
Yb3+ and Tm3+ which was synthesized by our collaborators in Prof. Murray’s lab 51.
In Chapter 2 we concentrate on enhancement of emissive transitions in the
upconversion nanophosphors by pairing them with Au or Ag nanoparticles that are
resonant at their emission wavelengths. The chapter will begin by introducing the
building blocks of our structure which consist of the aforementioned upconversion
14

nanophosphors (UCNPs) and Au and Ag nanospheres. We then propose a structure that
controls the proximity between the UCNPS and metallic nanocstructures by separating
them with a dielectric layer. Next, we experimentally and theoretically study the
resulting UCNP luminescence enhancement, its mechanism and the dependence of this
enhancement on the thickness of the separating layer.
In Chapter 3, we concentrate on the absorption enhancement of the UCNPs by
theoretically designing a metallic nanohole array resonant at the excitation wavelength
of the nanophosphors. We further demonstrate a nanohole array filling process in which
each aperture in the array will host only one UCNP by taking advantage of “squeegee
method”. We then experimentally theoretically study the resulting luminescence
enhancement by means of steady state and time-resolved photoluminescence (PL)
measurements, and numerical simulations.
We then try to put the knowledge we have gained in chapters 2 and 3 together by
designing a structure in which a single UCNP can be enhanced both via absorption
enhancement by resonating nanorods at its excitation wavelength, and possibly by
Purcell effect of proximity to metal. In chapter 4, we describe this structure, and study
the role of each of these processes by conducting spatially resolved photoluminescence
measurements to map the enhanced structure using two different polarizations. The
same “squeegee” method has been used here to selectively place both the UCNPs and
nanorods in their proper position. Theoretical simulations performed on the combination
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of UCNPs in proximity of one or two rods further illuminate the nature of the
enhancement process.
In chapter 5, we focus on designing an antenna array with nanoscale dimensions
that could be tuned to resonate in the optical domain. Tuning of this nanoantenna design
is to occur by changing the dielectric material or dielectric thickness at the gap of the
antenna which would tune the resonant nanoantenna subsequently. Fabricated
structures are experimentally measured by using a programmed moving detector that
takes the optical response of the antenna array at various angles. The result of these
experiments is then compared with the theoretical simulations, and the feasibility of the
design is discussed.
Finally, in chapter 6, we briefly go over all the future directions that current
research could take and the potential that our studies have created for further device
ideas and applications. New methods of fabrication and assembly are suggested that
follow the most recent findings in these areas of science and technology.
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Chapter 2: Plasmonic Emission Enhancement and Metal-Induced
Absorption Enhancement of Upconversion Luminescence *
The ability to control and fine-tune the spectral properties of fluorophors and
phosphors has been of great interest for scientists for many years. Luminescent materials
are an essential part of research in many areas including biomedical1-3, imaging2,4, and
sensors5,6. The problem with many of these emitters however is their low emission
quantum yield. The work of Purcell and what followed opened a new avenue for scientist
to approach increasing the efficiency of such emitters - - with the help of resonant
cavities or plasmonic and metallic nanostructures.
In chapter 2 we use one of the essential building blocks of plasmonic research
(metallic nanoparticles) to study the enhancement in upconversion efficiency due to two
different mechanisms:

1) emission rate increase of the UCNPs due to plasmonic

enhancement by metallic nanoparticles that are resonant at the same wavelength as the
emission wavelength of the nanophosphors and 2) absorption rate increase due to
metal-induced enhancement caused by the non-resonant nanoparticles at the excitation
pump wavelength of 980 nm .
______________________________________________
*Much of this chapter appears in print: Adapted with permission from M.Saboktakin, X.
Ye, S.J. Oh, S.H. Hong, A. Fafarman, U. Chettiar, N. Engheta, C. B. Murray, C. R. Kagan, ACS
nano 2012, 6, 8758–8766. Copyright 2012 American Chemical Society.
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We begin this chapter with a detailed description of the building blocks of the
structure under study, and especially introduce the luminescent nanocrystals that we
have used in our study to probe the plasmonic and non-plasmonic enhancement caused
by metallic nanoparticles.

2-1: Building blocks:
Upconversion nanocrystaline phosphors (UCNPs) are phosphorescent materials
that can emit light at shorter wavelengths than the excitation source. There has been
considerable interest in them during recent years due to their various applications in
biomedical imaging7, solar cells8-10, lasers11, lighting and display technologies12. Among
upconverting materials, the β-NaYF4 host lattice doped with lanthanide combinations of
Yb3+, Er3+ or Yb3+, Tm3+ has been shown to be the most efficient UCNPs13. The dopant
atoms form a two-level system in which Yb3+ atoms act as the sensitizer and absorb a
photon in the IR region of spectrum (980 nm). Then by a process of non-radiative energy
transfer, the energy of the excited Yb3+ atom is transferred to the Er3+ atom which will be
excited to a higher energy level upon receiving the energy equal to two photons at 980
nm from Yb3+. The excited Er3+ atom, also called the emitter atom, then can relax to
ground state by emitting a photon of higher energy predominantly in the green region of
visible spectrum.14 In the case of Yb3+ and Tm3+ atoms that form another similar two-level
upconverting system, Yb3+ atoms again act as the sensitizer by absorbing photons of 980
nm wavelength and transferring them to the neighboring Tm3+ atoms. However, in this
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system the final emission from Tm3+ atoms occurs after absorption of energy equivalent
of 3 photons at 980 nm from Yb3+ atoms and instead a photon in the blue region of the
spectrum is emitted by Tm3+ atoms. The NaYF4 lattice not only acts as the host medium
for the sensitizer-emitter system, but also its crystal field and phonon structure strongly
affect the efficiency of energy transfer between dopants that gives rise to upconversion
by allowing the forbidden transfer to the emitting triplet state to occur by providing the
extra momentum needed for the transition to occur15. The energy diagram, and transfer
and emissive process that exist in these two-level upconverting systems are depicted in
Figure 2-1.

Figure 2-1. Energy diagram of Er3 +, Yb3+ and Yb3+, Tm3+. The solid, dashed, curly, dotted,
and full arrows represent energy transfer, multi-photon relaxation, non-radiative
relaxation, photon excitation and emission processes, respectively. The 2S+1LJ notation
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used to label the energy levels refers to the spin (S), orbital (L) and total (J) angular
momentum quantum numbers of the free ions, respectively.
Photoluminescence (PL) spectra collected under illumination from a 980 nm
continuous wave, 1 W laser excitation source show the emission spectra for Yb3+, Er3+
doped NaYF4 UCNPs with a characteristic strong emission peak centered at 540 nm in the
green resulting from a transition from S3/2 to I15/2 energy levels, and a weaker emission
centered at 650 nm in the red resulting from transition from F9/2 to I15/2 energy levels
(Figure 2-2a). PL spectra for Yb3+, Tm3+ doped NaYF4 UCNPs show the emission centered
at 450 nm in the blue resulting from a transition from D 2 to F4 energy levels, and 475 nm
in the blue resulting from transition from G4 to H6 energy levels (Figure 2-2b).

Figure 2-2. (a) Luminescence spectra of NaYF4:Yb,Er UCNPs monolayer film on glass
substrate (b) Luminescence spectra of NaYF4:Yb,Tm UCNP monolayer film on glass
substrate.
In our work, we have taken advantage of a recently developed synthetic route
that produces β-NaYF4 nanocrystals while suppressing the formation of the less-efficient
α-NaYF4 phase.16-19 The UCNPs used in these experiments are spherical in shape and
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monodisperse in size (standard deviation σ ~ 5%) as seen in Transmission electron
microscopy (TEM) images that were taken on a JEM-1400 microscope operating at 120kV
for Yb3+, Er3+ (Figure 2-3a) and Yb3+, Tm3+ (Figure 2-3b) doped NaYF4. Figure 2-3c shows
the X-ray diffraction patterns, obtained on a Rigaku Smartlab diffractometer at a
scanning rate of 0.1° min-1 in the 2θ range of 10° to 90° (Cu Kα radiation, λ = 1.5418 Å),
from the Yb3+, Er3+ and Yb3+, Tm3+ doped NaYF4 UCNPs, confirming that they are of pure
hexagonal phase.
However, the efficiency of upconversion in these materials remains low20 due to
the small absorption cross-sections arising from formally forbidden f-level atomic
transitions of the dopants, prompting a need for methods of enhancing their
luminescence. One way to enhance the emission of these two-level upconverting
systems has been to place them in close proximity to plasmonic metal surfaces or
random distributions of metal nanoparticles (NPs) such as gold (Au), silver (Ag), or
aluminum (Al) which has shown promising enhancements in upconversion efficiency.21-24
As we discussed in detail in chapter 1, close proximity of metal NPs to emitters such as
UCNPs can cause luminescence enhancement in UCNPs by influencing both absorption in
the near-infrared and emission at shorter wavelengths in the visible. Metal NPs can
influence the emission process if their resonant wavelength overlaps with the emission
frequency of the UCNPs, similar to the common mechanism of emission enhancement in
other fluorophors.3,25 However, even at excitation wavelengths off-resonance with the
metal NP plasmon frequency, these oscillations create an electromagnetic field near the
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surface of the metal NP that strengthens the surrounding field acting on UCNPs. Nonresonant absorption enhancement of near-infrared excitations in UCNPs has been
proposed to contribute to the observed upconversion enhancement in UCNPs.26
Enhanced fields change the permittivity of the medium surrounding the emitter and
therefore result in higher emission rates in UCNPs, contributing to considerable
enhancement of emission intensity in UCNPs in the vicinity of metal NPs.27
To enhance the emission of these UCNPs, we have prepared spherical Au 28 and
Ag29 NPs, 5 nm in diameter with standard deviation of σ ~ 5%, as shown in TEM
micrographs (Figure 2-3d,e). Optical absorption spectra of Au and Ag nanoparticles were
recorded using a Cary 5000 UV/Vis/NIR spectrophotometer and show that the plasmonic
peaks for dispersions of Au NPs are at 550 nm and for dispersions of Ag NPs are at 420
nm (Figure 2-3f). These plasmonic peaks show considerable spectral overlap with the
luminescence peaks of the UCNPs, indicating that a large resonant enhancement of
upconversion emission is possible.
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Figure 2-3: TEM images of (a) NaYF4:Yb, Er and (b) NaYF4:Yb, Tm UCNPs. Insets are
photographs showing the upconversion luminescence from hexane solution of UCNPs
under 980 nm laser excitation. (c) Powder X-ray diffraction pattern of the hexagonal
phase UCNPs (β-NaYF4). TEM images of (d) Au and (e) Ag NPs and (f) absorption spectra
of Au (red curve) and Ag (black curve) NPs dispersed in hexane, normalized to their
plasmonic peaks. Scale bars: (a) 100 nm, (b) 100 nm, (d) 20 nm, (e) 20 nm.

2-2: Fabrication of Structure
Various UCNP-metal geometric configurations have been made recently;
nanoscale fabrication techniques have been used to engineer plasmonic properties that
could achieve emission enhancement factors as high as 4.8. The fabrication methods
include electrochemical deposition,30-31 electron beam lithography32-34, and nanosphere
lithography35. However, the fabrication processes are complex, and NP assembly
methods that apply to large areas with good control and selectivity have not been
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reported. To interrogate the physics of metal enhanced upconversion, studies have been
made on a single UCNP near a metal surface, and while these studies are extremely
valuable, the configuration does not usually lend itself to use in many applications. 26,36
Therefore, there is a need for developing more consistent, reproducible, large surface
area structures and robust assembly methods.
In this chapter, we describe a simple method to fabricate a well-defined
multilayered structure composed of monodisperse metal NPs and UCNPs controlled in
their separation at the nanometer scale by atomic layer deposition of an intervening
Al2O3 layer. In the fabrication of our structures, we have employed an interfacial selfassembly method that allows the formation of close-packed UCNP monolayers over
extended areas (millimeter scale).16,19 The ability to form a continuous monolayer of
UCNPs using particles that are monodisperse both in phase and in size has given us a
great advantage over previously attempted configurations to achieve high luminescence
enhancements and consistent results from sample-to-sample, allowing us to confidently
probe metal-induced enhancement of upconversion with reliable results.
The existence of the oxide spacer layer is important if any enhancement is to be
observed in our proposed structure due to the quenching problem that was explained in
detail in chapter 1. To further demonstrate the importance of the dielectric spacer layer,
a series of control experiments were performed where UCNPs and metal NPs were mixed
in solution form, and then were spun on glass substrates. The resulting film consisted of
metal NPs and UCNPs in random configurations and distances from each other. Upon
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illumination of 980 nm laser light (continuous wave), the luminescence intensity of the
mixed samples was greatly reduced compared to samples made only with UCNPs as is
evident from Figure 2-4a,b. The fact that we observe the intensity decrease at lower
number fraction of Ag NPs compared to Au NPs is consistent with the larger absorption
coefficient of Ag versus Au NPs. Furthermore, the intensity decreased even more as the
volume ratio of metal NPs to UCNPs was increased. In these mixture samples quenching
is the dominant process. Introduction of dielectric spacer layers of different thicknesses
then allowed us to find the optimal spacing to maximize the beneficial effects of the
metal-induced enhancement while reducing and minimizing the quenching observed in
random mixtures.

Figure 2-4. Integrated PL under 980 nm excitation of the (a) 540 nm emission band (510570 nm) of samples made with mixtures of NaYF4:Yb,Er UCNPs and either Au (red curve)
or Ag (black curve) NPs and of the (b) 475 nm emission band (461-490 nm) of samples
made with mixtures of NaYF4:Yb,Tm UCNPs and either Au (red curve) or Ag (black curve)
NPs with various number ratio of (UCNPs:metal NPs).
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The fabrication of the proposed UCNP-spacer-metal NP structures as shown
schematically in Figure 2-5a, begins with a dense Au or Ag NP films on glass substrates
that were formed by spin-coating process. Firstly, the glass substrates were cleaned with
isopropanol and blown dry with nitrogen. Au or Ag NP dispersions in octane were then
deposited by spin-coating at 1000 rpm using a CEE200 spinner. The thickness of the
metal NP layer was determined by AFM measurements to be ~35-40 nm using a MFP-3DBIOTM Asylum Research AFM operating in the tapping mode. By using solutions with
identical concentrations of metal NPs deposited under the same spinning conditions, the
particle density of the films stays the same from sample-to- sample.

Figure 2-5. (a) Schematic structure of a spin cast layer of Au or Ag NPs, a thin Al 2O3 layer,
and a monolayer of UCNPs. (b) Absorption spectra of spin-coated Ag NP films before
(blue curve) and after (green curve) deposition of an Al 2O3 layer and of spin-coated Au
NP films before (black curve) and after (red curve) deposition of an Al2O3 layer. Each
spectrum is normalized by its plasmonic peak absorption. (c) Typical large-area SEM
image of a monolayer of UCNPs transferred onto the Al2O3 layer-covered metal NP film.
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Thin layers of Al2O3 varying from 2 nm to 15 nm in thickness, were deposited
using an ALD Cambridge Nanotech Savannah system at 150°C. The precursors for the
deposition process were water and trimethyl aluminum. This deposition method
provides an accurate thickness of the dielectric spacer on the nanometer scale. Film
thickness was confirmed by spectroscopic ellipsometry measurements, performed using
the ellipsometer in the lab of Prof. Zahra Fakhraai, and indicated a high precision of
control for oxide deposition (Table 2-1).
Target
Thickness(nm)

Measured
Thickness(nm)

2.0

1.9

5.0

5.4

10.0

10.1

15.0

15.3

Table 2- 1. Spectroscopic ellipsometry measurements of the thickness of Al2O3
layers deposited by the ALD method.

After deposition of the oxide layer a slight red shift in the plasmonic peak of the
metal NPs is observed as shown in Fig. 2-5b. The oxide layer therefore also plays an
active role in the enhancement of the plasmonic field by affecting the polarization of the
metal NPs.37
A monolayer of UCNP was next transferred on top of the oxide layer. UCNP
monolayers were formed using the interfacial assembly method. A 1.5 × 1.5 × 1 cm3
Teflon well was half-filled with ethylene glycol. One drop (~30 μL) of UCNP solution was
spread onto the surface of ethylene glycol subphase and the well was quickly covered by
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a glass slide to lower the solvent (hexane) evaporation rate. The particle concentration of
the UCNP solution was carefully adjusted until large area UCNP monolayer (covering >
90% of surface area of the subphase) was obtained consistently. After 30 min, a glass
substrate with an Al2O3-covered metal NP film was placed underneath the floating UCNP
monolayer and was lifted upward to transfer the film, which was further dried under
vacuum to remove residual ethylene glycol. Deposition of large area monolayers of
UCNPs on top of the oxide layer was confirmed by SEM for each sample (Figure 2-5c).
The final fabricated samples were made with combinations of Au or Ag metal NP
layers and with either monolayers of NaYF4 UCNPs co-doped with Yb3+, Er3+ or NaYF4
UCNPs co-doped with Yb3+, Tm3+ separated by an Al2O3 spacer layer. In each of these
metal-UCNP combinations, the thickness of the Al2O3 spacer layer was tuned from 2 nm
to 15 nm.

2-3: Enhancement of upconversion fluorescence in the metal NPdielectric spacer-nanophosphor structure:
Upconversion luminescence of the fabricated samples were measured on a
Fluorolog-3 Spectrofluorometer (Jobin-Yvon) using excitation from a 980 nm diode laser
with 1.06 Watt power, and a 0.05 W/mm2 power density. Figure 2-6a, b shows the PL
spectra for the combinations of Yb3+, Er3+or Yb3+, Tm3+ doped NaYF4 UCNPs spaced from
Au NPs and similarly Figure 2-6c, d show the PL spectra for the UCNPs spaced from Ag
NPs as a function of Al2O3 thickness. The emission spectra of the UCNP samples with no
metal NP layer are also shown. For samples with a very thin oxide layer, a decrease in
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emission intensity due to luminescence quenching is observed, similar to the randomly
mixed metal NP-UCNP samples (Figure 2-4). As the oxide layer thickness increases, metalinduced luminescence enhancement of UCNPs is observed.

The luminescence

enhancement reaches a maximum at a certain thickness after which the distance
between metal NPs and UCNPs becomes too large for metal-induced enhancement and
the emission intensity decreases back to that of the UCNPs alone. The distance at which
the largest enhancement occurs is at 5 nm for Au NPs, and is at 10 nm for Ag NPs and is
independent of the composition of UCNPs used (Figure 2-6e, f). There is also a strong
dependency of the enhancement on the composition of the metal NPs. As shown in
Figure 2-6e, f, for structures made with Au NPs, we observe enhancement factors of
about 5.2 and 3.5 for the 540 nm and 650 nm peaks of Yb 3+, Er3+ doped NaYF4
respectively, and much larger enhancement factors of 30 and 45 with Ag NPs for 540 nm
and 650 nm respectively.
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Figure 2-6. (a-d) Upconversion luminescence spectra of UCNP monolayers transferred
onto the Al2O3 layer-covered metal NP film under 980nm pump illumination. (a) Au NPAl2O3-NaYF4:Yb, Er UCNPs, (b) Au NP-Al2O3-NaYF4:Yb, Tm UCNPs, (c) Ag NP-Al2O3NaYF4:Yb, Er UCNPs, (d) Ag NP-Al2O3-NaYF4:Yb, Tm UCNPs. Integrated area under the
peak as a function of the Al2O3 layer thickness normalized to that of the pure UCNP
sample for (e) Au NPs and (f) Ag NPs. The green solid lines correspond to the 540 nm
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emission band (510-570 nm) in NaYF4:Yb,Er. The green dashed lines correspond to the
650 nm emission band (640-680 nm) in NaYF4:Yb, Er. The blue solid lines correspond to
the 475 nm emission band (461-490 nm) in NaYF4:Yb,Tm. We have also included the data
point corresponding to UCNPs in the absence of metal NPs as a reference (Ref) on the
figure for comparison
To further demonstrate the contrast between emission of pure UCNPs and metalenhanced UCNP luminescence, we have used nanoimprint lithography (NIL) to pattern
the metal NP layer into a series of stripes (Fire 2-7a, b). To carry out the nanoimprting,
100 µL of a Au NP dispersion was dropped on a glass substrate. The glass substrate was
quickly covered and pressed by a PDMS template and the substrate and template was
heated up to 100 °C to cure the Au NP dispersion. After curing the solution for 1 minute,
the PDMS template was de-molded from the glass substrate. After the NIL process, the
Au NP stripe pattern was clearly and uniformly formed across the glass substrate over a
1.2 mm x 1.2 mm area. The Au NP stripe pattern was fabricated with a 2 µm width, 5 µm
periodicity and 100 nm height. After the Au stripes were fabricated, a 5 nm Al2O3 spacer
layer that is the optimum oxide thickness for Au NPs was deposited by the ALD method.
Next, a monolayer of NaYF4 co-doped with Yb3+, Er3+ was deposited on top of the oxide
layer by the interfacial assembly method as explained above. A schematic of the final
structure is depicted in Fig 2-7c.
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Figure 2-7. (a) A schematic representation of the nanoimprint lithography process. (b)
AFM image of the Au NP stripe pattern fabricated by nanoimprint lithography on a glass
substrate. Each stripe is about 2 µm in width and 100 nm in height with a periodicity of 5
µm. (c) A schematic illustrating the structure of multilayer films separated by a 5 nm
Al2O3 layer. (d) Upconversion luminescence mapping of Au NP-Al2O3-NaYF4:Yb3+, Er3+
UCNP films with an Al2O3 layer of 5 nm.
Spatially-resolved measurements of the upconverted photoluminescence of
patterned samples was measured under 976 nm illumination generated by a MIRA HP
Ti:Sapphire laser pumped by an 18 W Verdi diode laser. The 976 nm light was focused to
a 0.8 µm spot size through an Olympus BX2 modified microscope. Samples were
mounted on a closed-loop piezo-controlled stage (Thorlabs Nanomax) and translated
under the excitation. The mapping was conducted across an area of 20 µm by 20 µm with
0.4 µm step size. Luminescence was collected via fiber and carried to a monochrometer
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(iHR 550, HORIBA) coupled to a Si CCD camera (Symphony, HORIBA). The results
demonstrate clearly the spatially selective upconversion enhancement by ~3 times in
regions of the UCNP monolayer proximal to the underlying stripe pattern of Au NPs
(Figure 2-7d).
To further investigate the origin of this luminescence enhancement, we
performed lifetime measurements on the samples with various spacer thicknesses. The
same 1.06W laser emitting at 976 nm described for PL measurements was used here. The
excitation was modulated at 100 Hz with a Stanford Research Systems SR540 optical
chopper and the time-dependent luminescence was collected with the multi-channel
scaler (MCS) unit integrated in the Fluorohub of a Jobin-Yvon Fluorolog-3
Spectrofluorometer.
Fig. 2-8a, b show the luminescence decays for NaYF4 co-doped with Yb3+, Er3+ and
Yb3+, Tm3+ respectively, in combination with Au and Ag metal NP layers spaced by oxide
layers of different thickness. As the thickness of the oxide spacer layer increases, the
UCNP’s decay-time decreases reaching a minimum for each of the UCNP compositions at
5 nm for Au NPs and 10 nm for Ag NPs, after which the lifetime increases back to values
characteristic of the pure UCNPs (Figure 2-8c, d). The trend of decay-time inversely
follows that of the emission enhancement (Figure 2-8e, f). The decrease in decay-times
of UCNPs suggests that upconversion enhancement is indeed a metal-induced Purcell
effect and is due to the electromagnetic coupling between metal NPs and UCNPs. 38-40 Ag
NPs decrease the decay-time of UCNPs more significantly than Au NPs (Figure 2-8c, d).
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Figure 2-8. (a) Upconversion luminescence decays monitoring the 540 nm emission under
980 nm excitation of NaYF4:Yb, Er UCNPs separated by a 5 nm thick Al2O3 layer from Au
NP film (red curve), NaYF4:Yb, Er UCNPs separated by a 10 nm thick Al2O3 layer from Ag
NP film (blue curve) and pure NaYF4:Yb, Er UCNP films (black curve). (b) Upconversion
luminescence decays monitoring the 475 nm emission under 980 nm excitation of
NaYF4:Yb,Tm UCNPs separated by a 5 nm thick Al2O3 layer from Au NP film (blue curve),
NaYF4:Yb,Tm UCNPs separated by a 10 nm thick Al2O3 layer from Ag NP film (red curve)
and pure NaYF4:Yb,Tm UCNP films (black curve). (c) Decay times monitoring the 540 nm
emission of NaYF4: Yb, Er UCNP films (green curve), and 475 nm emission of NaYF 4:Yb, Tm
UCNPs (blue curve) under 980 nm excitation separated from Ag NPs as a function of
Al2O3 spacer layer.(d) Decay times monitoring the 540 nm emission of NaYF 4:Yb, Er UCNP
films (green curve), and 475 nm emission peak of NaYF4:Yb,Tm UCNPs (blue curve) under
980 nm excitation separated from Au NPs as a function of Al 2O3 spacer layer. We have
also included the data point corresponding to UCNPs in the absence of metal NPs as
reference (Ref) on the figure for comparison.
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In addition to the plasmonic increase in the radiative decay rate of UCNPs, metal
NPs can cause an enhancement in the absorption of the excitation pump at 980 nm by
UCNPs. Measurements reveal the rise-time for the 540 nm peak of NaYF4:Yb, Er UCNPs
decreases from 0.286 μsec for a pure UCNP film to a minimum of 0.236 μsec for
structures with Au NPs separated by a 5 nm oxide layer and to a minimum of 0.110 μsec
for structures with Ag NPs separated by a 10 nm oxide layer. For the 475 nm peak of
NaYF4:Yb, Tm UCNPs, the rise-time decreases from 0.116 μsec for a pure UCNP film to a
minimum of 0.076 μsec for structures with Au NPs and a minimum of 0.035 μsec for
structures with Ag NPs. Absorption enhancement in UCNPs is caused by non-resonant
enhancement of the pump excitation field that results in the faster excitation rate of
Yb3+. As a result, the rate of energy transfer from Yb3+ to Er3+ or Yb3+ to Tm3+ ions
increases, which is in turn manifested by a shorter rise-time in the UCNPs.41 The fact that
Ag NPs decrease the rise times and the decay times of the UCNPs more than Au NPs, is
consistent with the higher luminescence enhancement factors measured in PL
measurements.

2-4: Theoretical Simulations and Discussion:
To understand the origins of the complex interplay between these factors, the
absorption, emission and overall efficiency enhancement factors as well as the emission
decay rate as a function of UCNPs-metal NP distance were simulated using COMSOL
Multiphysics™ software. The simulations were performed with collaboration with Dr.
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Uday Chettiar from Engheta group on a commercial finite-element-method (FEM)-based
solver (COMSOL Multiphysics™) using a frequency domain solver. The structure was
meshed using tetrahedral mesh elements with a 1 nm resolution inside the plasmonic
spheres and a gradually increasing mesh size as we move away from the plasmonic
structures with a maximum mesh element size of 50 nm. The simulation domain was
surrounded by a perfectly matched layer (PML) to absorb the outward propagating
radiation. The permittivity for the gold and silver was set using experimental data from
literature. To calculate the absorption enhancement the structure was illuminated with a
plane wave at the pump wavelength and the local fields in the vicinity of the structure
was simulated. The absorption enhancement is proprotional to the square of the field
enhancement. The decay rates were simulated using the semiclassical approximation
which states that the decay rate for a two level system at a given location is proportional
to the power radiated by a dipole placed at the same location. 42
Results of the simulations performed indicate that amplification of luminescence
arises from both absorption enhancement and emission enhancement corresponding
with the observed shorter rise- and decay-times, respectively. As we presented in
chapter 1, absorption enhancement is defined as the ratio of the absorption coefficient
of the UCNPs in proximity to metal NPs to the absorption efficiency of UCNPs away from
metal NPs. In absorption, non-resonant enhancement of the sensitizing (Yb3+) centers in
the UCNPs occurs in proximity to the metal NPs at the 980 nm excitation. Since the
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plasmonic resonances of both Au and Ag NPs are away from the excitation, there is no
observable difference in the enhancement of Au and Ag NPs (Figure 2-9a).

Figure 2-9. Electromagnetic simulations as a function of separation between Au or Ag
NPs 6 nm in diameter and UCNPs with 0.1% quantum yield of the (a) absorption
enhancement at the incident 980 nm excitation, (b) the intrinsic emission efficiency of
the UCNPs at 540 nm, (c) the fluorescence enhancement in UCNPs at 540 nm, and (d) the
changes in the radiative, non-radiative, and total decay rates of the UCNPs in presence of
metal NPs (Note: the non-radiative decay rate arises from absorption in the metal,
whereas the total decay rate includes intrinsic losses in the UCNPs).
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The emission enhancement process in our system however, occurs since Au and
Ag NPs are resonant with the UCNP visible emission and the metal NPs change the local
photon density of states. It can be shown that the local density of states for photons is
related to the Green's function at the emitter.42 This allowed us to calculate the emission
efficiency of UCNPs through classical electromagnetic methods (Figure 2-9b). Similar to
absorption enhancement, efficiency enhancement is defined as the ratio of emission
efficiency of the UCNPs in proximity to metal NPs in comparison to the emission
efficiency of UCNPs away from metal NPs. Simulations show a higher enhancement of
UCNPs’ efficiency in proximity to Ag NPs compared to Au NPs consistent with the
stronger plasmonic resonance in Ag NPs. Both absorption enhancement and emission
efficiency contribute to the overall change in emission enhancement and decay rates of
UCNPs (Figure 2-9c, d). The overall emission enhancement is then calculated as the
product of absorption enhancement and emission efficiency and is higher in proximity to
Ag NPs compared to Au NPs. The origin of UCNP upconversion enhancement had been
speculated previously to be partially due to plasmonic amplification of energy transfer
resonant with the second transfer step from I11/2 to F7/2 (540 nm emission peak) or I13/2 to
F9/2 (650 nm emission peak) between Yb3+ and Er3+ in NaYF4:Yb3+, Er3+ UCNPs.14 However,
since the absorption in UCNPs is a sequential and non-coherent process and the metal
NPs have resonances far away from the excitation frequency, plasmonic enhancement to
increase energy transfer between atoms in UCNPs appears unlikely. Our simulations
reveal these aforementioned speculations are unnecessary and the observed
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upconversion enhancement and changes in rise- and decay-times may be accounted for
by non-resonant enhancement in absorption at 980 nm and resonant enhancement in
emission at 540 nm.
The difference in the distance dependence and amplification of upconverted
emission introduced by proximal Au and Ag NPs are consistent with the optical
properties of the different metal NPs measured experimentally. The longer optimal
distance for enhancement observed in the case of Ag NPs is understood by considering
their higher per volume extinction cross-section compared to Au NPs (Figure 2-10).43

Figure 2- 10. Comparision between absorption of Ag NP and Au NP spin-coated films.
Absorption values for Ag NPs shown here are divided by a factor of 4 so that the Au peak
could be visible in comparision.
Extinction in metal NPs arises from both absorption and scattering processes.
However, according to Mie theory, in small diameter NPs, such as the 5 nm diameter NPs
used in this work, the extinction coefficient is dominated by the absorption coefficient. 44
Therefore, Ag NPs have a larger absorption cross section at wavelengths resonant with
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the emission of the UCNPs compared to Au NPs of the same size. The optimal distance
for radiation enhancement arises from a balance between quenching and metal-induced
enhancement. The larger absorption cross-section of Ag NPs is consistent with the
stronger quenching we observed (as seen in Figure 2-4 and Figure 2-10) and therefore
the longer 10 nm optimal distance for radiation enhancement rather than the 5 nm
distance found for Au NPs. While our simulations account for the size-corrected dielectric
function measured by Johnson and Christy,45 we expect, particularly for more sensitive
Ag NPs, the dielectric function does not capture the size- and surface-dependent losses
of the NPs.46 The larger loss would give rise to a higher non-radiative rate for Ag NPs,
consistent with the longer optimal distance of enhancement seen in experiment.
Another important point to consider is that the quantum yield of UCNPs, or more
generally of any flourophor, dramatically influences the magnitudes of the emission
enhancement and the change in the decay rate they experience in proximity to metal
NPs (Figure 2-11).

46

Figure 2-11. COMSOL Multiphysics™ simulation results for the emission
enhancement factor for an imaginary emitter with various quantum yields.
We correlated the change in the measured decay times (Fig. 2-8) with the
measured upconversion enhancements (Fig. 2-6) for these low quantum efficiency
emitters. For example, for NaYF4:Yb3+, Er3+ UCNPs in the absence of metal NPs, the
measured decay time  

1
= 298.2µsec for the 540 nm emission peak, where Γr
 
r
nr

is the radiative decay rate and Γnr is the non-radiative decay rate due to intrinsic
processes. The size-dependent quantum yield (QY) for similar UCNPs has previously been
measured experimentally to be 10-3.9 From the measured lifetimes and reported

QY 


r
, we estimate Γr=3.35 s-1 and Γnr=3350 s-1. In the presence of metal NPs,
 
r
nr

the greatest enhancement observed has been for the case of Ag NPs with a 10 nm oxide
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spacer layer where τ =144.8 μsec. Therefore the modified radiative rate (Γr') and nonradiative rate (Γnr') sum as Γr'+Γnr'= 6906 s-1. The partition between these rates depends on
the increase in the Γnr' that arises from absorption in the metal NPs due to quenching as
the UCNPs approach the metal NP arrays. Even if substantial quenching by the metal NPs
were to occur, given the low quantum yield of these UCNPs, upconversion enhancement
factors of ~30 are predicted, consistent with the enhancement measured experimentally
and consistent with the measured changes in lifetime. This is unlike high quantum yield
emitters, where quenching dominates the process and efficiency enhancement is small.
The difference in the enhancement factors for 540 nm and 650 nm emission peaks in
NaYF4:Yb3+, Er3+ UCNPs is consistent with wavelength dependent nature of permittivity in
Au and Ag NPs which results in different absorption enhancement factors for the two
emission peaks. Furthermore, since the quantum yield of the transition from the F 9/2 to I
15/2

(650 nm emission peak) is lower than the transition from the S3/2 to I

15/2

(540 nm

emission peak) by ~ 5.5 times, we can expect a larger plasmonic efficiency enhancement
for the 650 nm peak (Fig. 2-11).

2-5: Conclusion:
In conclusion, we have studied metal enhanced upconversion luminescence in a
metal-oxide-UCNP trilayered structure where the thickness of the oxide spacer is
precisely varied from 2 to 15 nm for four different metal-UNCP combinations. The
luminescence enhancement is found to be strongly dependent upon the type of metal
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NPs. Time-resolved rise- and decay-time PL measurements show that the enhancement
of upconverted luminescence arises from 1) non-resonant enhancement of the excitation
pump at 980 nm by metal NPs which enhances the absorption process in Yb 3+ atoms, and
thereby increases the rate of energy transfer between lanthanide dopants during twophoton upconversion process and 2) plasmonic increase in the radiative rate of emission.
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Chapter 3: Tunable Absorption Enhancement of Upconversion Luminescence*
The desire to control and manipulate light-matter interactions at the nano-scale
has become a major scientific interest in recent years as technology shifts progressively
towards miniaturization of optical elements and operation with shorter wavelengths of
the electromagnetic spectrum. An essential part of nanoscale optical design is the ability
to localize electromagnetic fields in dimensions below the diffraction limit and to harvest
the resulting enhanced field for which traditionally antennas have been known. 1 Ever
since the pioneering report by Ebbessen et al.2 on extraordinary transmission of light
through periodic arrays of subwavelength holes in thin metallic films, much effort has
been dedicated to exploring the fundamental principles that govern the far-field
properties of transmitted light through various types of subwavelength hole arrays as
well as the enhancement of the near field inside each aperture.3-6 These fundamental
studies have yielded many applications of nanohole arrays in areas including efficient
chemical and biological sensing7, 8 and enhancement of non-linear optical effects.9,10
An important application of the high electric field localization in nanoscale
structures is to enhance the emission of low quantum yield fluorophors.11-13 Among such
relatively low quantum yield emitters are upconverting nanophosphors (UCNPs) which
have attracted much attention in recent years due to their application in various areas
including solar cells14-17, biomedical therapeutics18,19 and imaging. 20-22
*Much of this chapter was submitted to ACS Nano Journal: Adapted with permission
from M.Saboktakin, X. Ye, U. Chettiar, N. Engheta, C. B. Murray, C. R. Kagan. 2013.
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Among UCNPs the β-NaYF4 crystal doped with the lanthanide atoms of Yb 3+, Er3+
remains one of the most efficient upconverting materials.23 However, it still suffers from
relatively low quantum yield.24 Various nanostructured metallic substrates have been
employed for plasmonically-enhanced phosphorescence of UCNPs including the use of
colloidal nanocrystals25,26, arrays of fabricated metallic nanostructures,27,28 and
roughened metallic surfaces.29,30 The ordered nanohole arrays have a number of
advantages: 1) they can be reproducibly fabricated and their planar geometry promises
device scaling and miniaturization, 2) their optical resonances can be systematically
tailored through the design of these structures, and 3) each aperture presents a welldefined "template" that could be tailored to host a fixed number of UCNPs with welldefined configurations.
In this chapter, we report dramatic plasmonic enhancement of upconversion
luminescence in UCNPs by taking advantage of the enhanced electromagnetic field
generated in metallic nanohole arrays at resonance. Few works have been devoted to
plasmonic enhanced luminescence of molecular dyes and lanthanide atoms using
nanohole arrays. In these studies nanohole arrays in thick (above 100 nm) Au films were
fabricated, and the fluorescent molecules or ions were added to the structures through
processes such as spin-casting or ion implantation.31-34 In contrast to previous
applications of nanohole arrays, in this work, we design relatively thin metallic layers to
minimize the high losses that are often associated with apertures of the commonly-used
thick metallic layers in nanohole arrays. In this approach, we increased the strength of
55

the electromagnetic field that could be harnessed to enhance the luminescence of
UCNPs. To precisely position every single UCNPs inside each of the nanohole array
apertures, we have employed a “squeegee method”.35 This method allowed precise
control over UCNP placement, an essential element in the design and fabrication of next
generation devices. We exploited the properties of the nanohole array to create high
intensity excitation of the individual UCNPs positioned in each aperture and
demonstrated large, 35-fold enhancement in the UCNP luminescence.

3-1: Nanohole array structure:
The UCNPs used here were Yb3+ and Er3+ codoped β-NaYF4 nanocrystals.36 The
UCNPs chosen for filling the nanohole arrays were hexagonal prisms in morphology,
having two hexagonal faces with a diameter of ~70 nm and rectangular sides with a
height of ~80 nm (standard deviation σ ≈ 5%). Transmission electron microscopy (TEM)
images, represented by Figure 3-1a, shows the UCNPs viewed along various sides of the
hexagonal prismatic nanocrystals. As we explained in details in chapter 2, under 980 nm
excitation, these UCNPs show a prominent green emission peak at 540 nm and a weaker
red emission peak at 650 nm characteristic of sensitization by the Yb 3+ and upconverted
emission from Er3+ dopants.37
On the basis of the optical absorption and the size of the UCNPs, the nanohole
array period and aperture diameters were designed by using Comsol Multiphysics
simulation software and optimized experimentally to give maximum field enhancement
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inside each aperture and high transmission for the entire array resonant at the 980 nm
UCNP excitation wavelength after nanocrystal filling. The resonant wavelength of the
metallic nanohole arrays is dependent on the size of the apertures as well as the
periodicity of the array and the thickness of the metallic layer. Given the diameter of the
UCNPs, the aperture diameter was made to be 110 nm so that each aperture can host
only a single UCNP. In order to minimize losses in the metallic film layer, the thickness of
the Au layer was designed to be ~30 nm. Therefore, the period of the array was
optimized to be 525 nm.

Figure 3- 1. (a) TEM image of hexagonal cubic NaYF4:Yb3+, Er3+ UCNPs 70 nm in diameter,
80 nm in height. (b) Schematic of the fabrication process used to define Au nanohole
array. (c) SEM images of the fabricated nanohole arrays at low and (inset) highresolution. Scale bars: (a) 200 nm, (c) main: 10 µm, insert: 500nm.
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The nano-hole arrays were fabricated on Fisher Scientific soda-lime microscope
glass. Substrates were first cleaned by sonication in acetone, and subsequently by oxygen
plasma etching to remove organic residue from the surface. Next, NEB31a negative ebeam resist was spun on the substrates at 4500 rpm followed by baking for 2 minutes on
a hot plate at 110° C. The patterns were formed by e-beam lithography using an Elionix
ELS-7500EX E-beam writer with 20 pA current and 50 kV accelerating voltage. The
patterned substrates were subsequently post-baked for 4 minutes at 90° C and then
developed for 30 sec in MF321 developer. Next, a 7 sec descumming process was
performed on the samples in a 80+ RIE dry etching tool for 10 sec with 30 sccm O 2, 30
mTorr total pressure and 100 W power. Subsequently, 5 nm Ti adhesion layer, 30 nm of
Au, and 15 nm of Cr layer were deposited on the substrate by e-beam evaporation
(PVD75 Angstrom Engineering).
Since the UCNPs were larger in dimensions compared to the thickness of the Au
layer and needed to be completely placed inside the aperture to experience maximum
field enhancement, the depth of the holes was further increased by dry etching the glass
substrate. Therefore the thin layer of Cr was evaporated and used as an etch mask to
avoid damaging the Au layer during dry etching of the glass substrate. The Au and Cr
layers were defined by lift-off of the negative resist which included soaking the samples
in 1165 remover at 70° C for 30 min followed by a 2 minute sonication process. 60 nm of
glass was dry etched for 80 seconds using an Oxford 80+ RIE dry etching tool at 90W
power and 30 mT pressure using a combination of 12 sccm of Ar, and 30 sccm of CHF3
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gases. Nanohole arrays were fabricated across areas of 2 mm X 2 mm square. The
fabrication process of the nano-hole arrays is schematically depicted in Figure 3-1b. In
addition, SEM images of an example fabricated Au nanohole array [Figure 3-1c] show
that precise nanohole arrays were achieved over large areas. After the particle filling
process, the Cr mask layer was removed by Cr wet etching using standard Cr etchant
(Sigma Aldrich) resulting in final nano-hole arrays with 90 nm deep apertures.

3-2: Particle filling process
UCNPs were assembled into the Au nanohole arrays protected by a layer of Cr
using a squeegee process35 [Figure 3-2a]. The Cr layer remained during the squeegee
process and then removed afterwards. A concentrated solution of UCNPs in hexane was
placed on the substrate and a droplet of the UCNP dispersion was slowly swept across
the surface of the substrate by a cut piece of poly-dimethylsiloxane (PDMS). In this
method, the meniscus of the droplet which was fixed at the edge of the PDMS piece was
dragged across the substrate. As the meniscus moved over holes in the substrate, the
UCNPs that were at the meniscus-substrate interface were driven into the holes. By
holding the contact angle of the droplet on the substrate at ~35° and using a
concentrated UCNP dispersion with a particle concentration of ~ 1.6 Χ 10 17 cm-3 , we
reproducibly achieved a high filling factor of above 90%. The masking Cr layer was
subsequently removed by wet etching, which ensured the removal of any excess UCNPs
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that remained on the surface of the template during the filling process. Representative
SEM images of the resulting filled template are shown in Figure 3-2a.

Figure 3- 2. (a) Schematic of the squeegee process used to fill the nanohole array with
UCNPs and SEM images of the resulting filled nanohole array. (b) Transmission spectra of
the unfilled nanohole arrays based on experimental measurements (solid black) and
theoretical simulation results (dashed black) with respect to the transmission from a 30
nm layer of Au deposited on a glass substrate (c) Transmission spectra of filled nanohole
arrays based on experimental measurements (solid red) and theoretical simulation
results (dashed red) with respect to the transmission from a 30 nm layer of Au deposited
on glass substrate. Scale bars: (a) main: 1µm, insert: 500 nm.
Optical transmission measurements were used to characterize the plasmonresonances of empty and UCNP-filled nanohole arrays. The empty nanohole arrays show
two major peaks in the transmission spectrum centered at 930 nm and 780 nm. The
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transmission peak at 930 nm corresponds to the plasmonic resonance of the entire
structure, and the peak at 780 nm arises from diffraction at the metal-glass interface.
The broader and less intense resonances measured experimentally in comparison to
simulations can be attributed to damping by electron scattering from the Au grains in
fabricated structures, which were not taken into account in simulations. The damping
effect is notably significant in the small aperture arrays, as the resonant peaks are
sharper (Figure 3-2b). Theoretical simulations and experimental measurements indicated
a red-shift in the transmission spectrum of the template after filling with UCNPs. The redshift in the spectral features partially arises from the higher refractive index of the UCNPs
(~1.4) compared to air in the volumes occupied by UCNPs after particle insertion into
each of the apertures (Figure 3-2c).
It is important to note that the origin of the plasmonic resonance in this nanohole
array structure, even though similar in nature, is somewhat different from the arrays that
have been used in Ebbessen’s report and similar experiments due to the difference in
thickness of the metallic layer. In nanohole arrays where the diameter of the holes is
small compared to the thickness of the metallic film, the plasmonic resonance can be
best described as excitation of surface plasmon polaritons (SPPs) at the dielectric-metal
interface by the incident electromagnetic wave.5,6 In such structures, the periodic arrays
provide the required transverse momentum in order to couple the incident plane wave
to the SPP on the surface of the metallic film. However, in the nanohole array structure
used here, the diameter of the fabricated apertures is large compared to the thickness of
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the film. Therefore, the array is instead best described as two intersecting arrays of
parallel Au nanostrips that are laid perpendicular to each other forming a fishnet
structure. In the presence of an electric field, the nanostrip array perpendicular to the
electric field experiences characteristic plasmonic resonance at a frequency determined
by the geometrical parameters of each strip and the periodicity of the array while the
second parallel nanostrip array only acts as a dilute metal simply changing the Drude
response of the effective medium by shifting the plasma frequency to lower values. 38-40
Therefore, Ebbessen’s approximation and equation for the prediction of transmission
peak positions breaks down and is no longer valid in our case. As a result, we have used
numerical software to predict the peak positions and field enhancement in the thin metal
nanohole array structure used here.
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Figure 3- 3. UCNPs after insertion in the glass nanohole array and removal of the PMMA
layer. Scale bar: 500 nm.
In order to accurately measure the luminescence enhancement of UCNPs in the
Au nanohole array, a similar nanohole array with the same aperture size and periodicity
was fabricated in glass. The positive e-beam resist PMMA was patterned by e-beam
lithography and CHF3 was used to dry etch the SiO2 substrate, defining the nanohole
array. In the glass nanohole array however, the entire volume of the UCNPs was
embedded in the glass templates, therefore a deeper oxide etching of ~90 nm was
performed. The UCNPs were positioned inside the nanohole array with the same
squeegee method described above. The PMMA resist was dissolved using acetone,
thereby removing any possible excess particles that had remained on the surface of the
resist during the squeegee process (Figure 3-3).

3-3: Enhancement of Upconversion fluorescence in filled templates
Simulations performed using COMSOL MultiphysicsTM software indicated that at
the 980 nm resonance of the nanohole array, in the center of each aperture the electric
field is enhanced by a factor of ~6 and therefore the intensity is enhanced by a factor of
~36 [Figure 3-4a]. The enhancement is much higher at hot spots close to the edges of the
apertures. The total emission enhancement in fluorophors is the product of both the
sensitizer’s absorption enhancement and emitter’s quantum yield enhancement. Since
the nanohole array hosting the UCNPs is resonant at the UCNPs' excitation wavelength,
we expect that most of the enhancement would arise from the frequency dependent
63

absorption enhancement. Simulations revealed up to a 35-fold enhancement at the
UCNP absorption. Unlike the absorption enhancement which is a result of the whole
array resonance, the changes that arise in the UCNP’s quantum yield in the structure in
our study are only due to the close proximity of the emitter to the gold film and the
change of permittivity caused by this proximity. No resonance is expected at the
emission wavelengths. To predict the change in the emitter’s quantum yield, simulations
were performed for dipoles located at the center of the aperture and averaged over all
three directional degrees of freedom (Figure 3-4c). However, since this effect is highly
distance dependent, we would expect that for emitters in various locations in an
aperture, the quantum yield changes would vary somewhat. The total emission
enhancement, calculated as the product of absorption and quantum yield enhancement
and depicted in Figure 3-4d, reflects a total enhancement in UCNP emission of ~ 30 due
to the absorption enhancement and changes in quantum yield of the nanophosphors.
The simulations were performed on a commercial finite element method (FEM)
based solver (Comsol Multiphysics) using a frequency domain solver. The structure was
meshed using tetrahedral mesh elements with a 1 nm resolution inside the plasmonic
film and a gradually increasing mesh size as we move away from the plasmonic film with
a maximum mesh element size of 50 nm. The simulation domain was surrounded by a
perfectly matched layer (PML) to absorb the outward propagating radiation. The
permittivity of the gold was obtained through ellipsometry measurements on gold films
deposited using the same e-beam evaporator that was used in the fabrication of the
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nanohole array. The total emission enhancement was calculated using the model for
upconversion enhancement. The total emission enhancement can be split into two parts,
excitation enhancement at the pump wavelength and quantum yield enhancement at
the emission wavelength. The excitation enhancement is directly proportional to the
fourth power of the local field enhancement by virtue of the upconversion being a two
photon process, and inversely proportional to the square of the decay rate of the
intermediate level in the upconversion. To calculate the local field enhancement the
structure was illuminated with a plane wave at the pump wavelength and the local field
in hole was simulated. The transmittance spectrum was also obtained using the plane
wave simulations. . The decay rate of the intermediate level was simulated by placing a
dipole at the location of the UCNP and calculating the power emitted by the dipole. This
power includes both the radiated power and the power absorbed by the plasmonic
structure. According to the semi-classical approximation (Ref. Novotny’s book) the ratio
of the total power emitted by the dipole is proportional to the total decay rate of a two
level system placed at the same location. The quantum yield enhancements at the
emission wavelength were also simulated using the semi-classical approximation42 but
in this case we distinguished between the radiated power and the power absorbed by
the plasmonic structure. The radiated power is proportional to the radiative decay rate
whereas the absorbed power is proportional to the quenching rate due to the plasmonic
structure. By using the intrinsic quantum yield of the UCNP at the emission wavelength
we could calculate the quantum yield in the presence of the plasmonic structure.
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Figure 3- 4. (a) Intensity enhancement inside an aperture in the nanohole array
normalized with respect to a similar array made in glass. (b) Theoretical simulations for
absorption enhancement for the empty nanohole array at its resonance. (c) Theoretical
simulations for efficiency enhancement of an arbitrary dipole placed in an aperture in the
nanohole array at resonance. (d) Theoretical simulations for total emission enhancement
of an arbitrary dipole place in the nanohole array at resonance.

Photoluminescence (PL) spectra were collected from NaYF4: Yb3+, Er3+ UCNPs
positioned in the apertures of Au nanohole arrays under 980 nm excitation. A biconvex
lens was used to focus collimated 980 nm laser light onto a spot size of ~20 µm in
diameter. Removal of excess UCNPs ensured that equal numbers of particles were
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studied in the glass and Au templates, enabling reliable comparison of the emission
spectra in the two sample geometries. The PL spectra for UCNPs localized in both Au and
glass nanohole arrays is shown in Figure 3-5a. We calculated the wavelength-dependent
emission enhancement factor by normalizing the emission intensity of the UCNPs in the
Au nanohole arrays with respect to the same motif of UCNPs in the glass nanohole array
[Figure 3-5b]. Enhancements of up to 35-fold were measured near the prominent 540 nm
emission peak of the UCNPs. Integration of the area underneath the emission peaks of
the UCNPs showed a 24-fold increase for the 540 nm emission peak and a 16-fold
increase for the 650 nm peak.
Luminescence lifetime measurements performed on UCNPs in the Au nanohole
array show a considerable decrease in the rise time of the UCNPs in comparison to the
same UCNPs in the glass nanohole array (Figure 3-5c). We measured a rise time of τ=
1/(Γr +Γnr) = 0.52 msec for the UCNPs in the nanohole array on glass while the rise time
decreased to τ= 0.38 msec for the case of enhanced UCNPs in the Au nanohole array. This
decrease in rise time of UCNPs is consistent with plasmonic enhancement seen in
fluorophors, in which the enhancement in absorption accompanies a faster absorption
rate in fluorophors.41 A decrease in decay time of the UCNPs from 0.3 msec to 0.25 msec
was also measured (Figure 3-5d), which could be attributed to an increase in the
radiative rate in those emitter atoms within each UCNP that have an optimum distance
between 2 nm and 10 nm from the Au walls.25 The radiative rate increase competes with
possible quenching of the emitter which occurs in very close proximity of less than 2 nm
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between the emitter and metal layer. However, the quenching effect cannot dominate
the process in these particles since only a very small fraction of emitters within individual
UCNPs can be in such small proximity of the metallic walls to experience quenching. As a
result, the dominant effect is the decrease in the decay time of the emitters due to
changes in the permittivity of the space surrounding the emitters which results in an
increase in the dipole efficiency of the emitters.
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Figure 3- 5. . Upconversion luminescence spectra of NaYF4:Yb3+,Er3+ UCNPs in glass
nanohole array (blue line), and in Au nanohole array (red line) under 980 nm excitation
(b) Emission enhancement factor as a function of wavelength (c) Upconversion
luminescence rise time monitoring the 540 nm emission under 980 nm excitation of
UCNPs in glass nanohole array (black line), and in Au nanohole array (red line) (d)
Upconversion luminescence decay time monitoring the 540 nm emission under 980 nm
excitation of UCNPs in glass nanohole array (black line), and in Au nanohole array (red
line)

3-4: Conclusion:
In conclusion, we have designed and fabricated a tunable plasmonic nanohole
array resonant at the excitation wavelength of NaYF4: Yb3+, Er3+ UCNPs. The array was
fabricated by means of reproducible lithographical techniques and was filled by particles
using the squeegee method. We further studied the plasmonic emission enhancement of
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UCNPs placed in these arrays by means of steady state and time resolved PL
measurements. Luminescence enhancements up to 35 times were observed which were
due to the combined effect of enhancement in the absorption of sensitizers and increase
in radiative decay rate of emitters which is further supported by the measured decrease
in the rise and decay times of the UCNPs in nanohole arrays.
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CHAPTER 4: Plasmonic and Metal-Induced Enhancement of Single
Nanophosphor by Au Nanorods
In Chapter 2, we began our study of upconversion luminescence with a more
specific aim of emission and dipole efficiency enhancement. We chose Au and Ag metal
particles with resonant frequencies overlapping the emission wavelengths of the UCNPs,
and relied on Purcell metal-induced effects that change the radiative rate of emitters due
to enhancement of the field around them. In Chapter 3, we followed the same goal, but
with more emphasis on the enhancement of the absorption by incident field
enhancement. Since the absorbance is directly proportional to the incident field
intensity, we were able to enhance the absorption (not rate) in UCNPs by a similar factor
to the enhancement in excitation field intensity introduced by the plasmonic resonance
of the metallic nanohole array.
In this Chapter, our aim is to combine the knowledge presented in the previous
chapters, and enhance upconversion luminescence through both plasmonic absorption
enhancement, and metal-induced Purcell effects that result in emission rate
enhancements. The plasmonic building block used here for upconversion luminescence
enhancement is Au nanorods. Nanorods are an important class of plasmonic building
blocks that have been explored in recent years extensively.1-4 The asymmetry in their
dimensions that is due to the elongation of one of the axes, 5 gives rise to their two
resonance peaks corresponding to the longitudinal and transverse axes.[ref] This
characteristic gives us the ability to simultaneously excite two resonance peaks: 1) If the
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incident beam is polarized parallel to the long axis of the Au nanorod, a resonance along
the longitudinal mode of the rod at 980 nm will result. However, 2) if we illuminate the
Au nanorod with the incident beam polarization such that it is perpendicular to its long
axis a resonance at 540 nm due to the transverse mode of the rod will occur.

Figure 4- 1. (a) TEM image of the Au nanorods with a longitudinal resonance and 980 nm
and a transverse resonance at 520 nm (b) TEM image of different facets of hexagonal
cubic NaYF4: Yb3+, Er3+ UCNPs (C) Absorption spectrum of Au nanorods based on
theoretical simulations performed with COMSOL Multiphysics TM under incident wave
polarized parallel to the nanorod long axis (black dotted line), perpendicular to the
nanorod long axis (dotted red line), and experimental results for the absorption spectrum
of Au nanorods with non-polarized illumination (d) emission spectrum of NaYF4: Yb3+, Er3+
UCNPs under 980 nm CW laser excitation. Scale bars: (a) 100 nm, (b) 100 nm.
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Au nanorods employed here were synthesized by a previously known method.6 A
TEM image of the Au nanorods used in our experiments is shown in Figure 4-1a.
Aforementioned Au nanorods were ~125 nm in length and ~25 nm in diameter and were
dispersed in water and stabilized using cetyltrimethylammonium bromide (CTAB)
ligands.7 UCNPs used here were Yb3+ and Er3+ codoped β-NaYF4 nanocrystals synthesized
by a previously published method.8 They were hexagonal prisms in morphology, having
two hexagonal faces with a diameter of ~70 nm and rectangular sides with a height of
~80 nm (standard deviation σ ≈ 5%). Transmission electron microscopy (TEM) images,
represented by Figure 4-1b, shows the UCNPs viewed along various sides of the
hexagonal prismatic nanocrystals. Simulation studies performed with Comsol
MultiphysicsTM for similar size and shape Au nanorods also predict two different
resonance peaks at either polarization (Figure 4-1c). Under 980 nm excitation, these
UCNPs show a prominent green emission peak at 540 nm and a weaker red emission
peak at 650 nm characteristic of sensitization by the Yb 3+ and upconverted emission from
Er3+ dopants (Figure 4-1d).9, 10

4-1: Geometry of the structure:
There have been a few works that have previously reported enhancement of
single molecules and flourophors in close proximity of metallic nanorods each reporting
large enhancements due to the plasmonic enhancement.

11-14

Many of such studies

include molecules attached to nanorods with a spacer molecule to avoid quenching while
they were dispersed in solution, or the studies have focused on single molecule emission
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enhancement.15-17 The geometry we are using here however is based on template
fabrication realized by an e-beam lithography technique which allows reproducible
fabrication and tailorability of the size of the template to match the size of nanorods and
UCNPS used in the experiment. In addition, to place the particles in close proximity to the
rods, we are using the “squeegee process,”18 as used in Chapter 3, as a filling method
which allows for relatively high yield for UCNP filling and reproducible results from
sample to sample. As the spacer layer, we are using 5 nm of SiO2 oxide spacer that
according to our previous studies has shown to be the minimum distance needed in
order to avoid quenching of the upconversion luminescence by Au nanoparticles. 19
In this geometry we are placing a single UCNP in close proximity to either one or
two Au nanorods that are placed along a common axis. Even though, the gap between
the nanorod dimer is relatively large (~70 nm) so that we are not producing a hot spot in
the antenna gap ,20 this orientation of the nanorods allows us to study the enhancement
process by applying two perpendicular and parallel excitation polarizations and further
study the effect of each resonance peak on the enhancement process.

4-2: Fabrication process:
The templates were fabricated on silicon substrates by combining e-beam
lithography and dry etching techniques. A schematic of the fabrication process is
depicted in Figure 4-2. Silicon wafers with 100 nm of thermally grown oxide were
selected as substrates. The double layer, positive e-beam lithography resist poly methyl
methacrylate (PMMA) was spun next on the substrate. The double-layer resist consisted
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of a 300 nm layer of 495 4% PMMA in Anisole solvent that was first spun at 3000 rpm for
45 seconds on the substrate followed by 4 minutes of baking on a hot plate at 180°C.
Next, a second thin layer (below 100 nm) of 950 2% PMMA in Anisole solvent was spun
at 5000 rpm for 5 seconds followed by spinning at 3000 rpm for 45 sec and then baked
for 4 minutes on a hot plate at 180°C.
Since 950 PMMA is denser, it tends to be more resistive against development,
and therefore helps in providing clean and straight resist profiles, while the underneath
495 PMMA would create the thick resist layer that could withstand the dry etching
process. After resist spinning, the patterns were formed by exposure in an e-beam
lithography tool, using an Elionix ELS-7500EX E-beam writer, with 50 pA current and 50
kV accelerating voltage. Next, the exposed samples were developed in a mixture of
methyl isobutyl ketone (MIBK) and isopropanol (IPA) with concentration of MIBK: IPA
(1:3) for 90 seconds. Developed samples were then dry etched in an Oxford 80plus RIE
dry etching tool at 30 mTorr pressure and 90 W power using a gas combination of 12
sccm of Ar and 30 sccm of CHF3 for 2 minutes. Etching resulted in an etch pattern with
the depth of ~80 nm.
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Figure 4- 2. Fabrication and filling process of templates.
After SiO2 dry etching is complete and before removing the PMMA layer, the
UCNPs were filled in the template by the same “squeegee process” explained in detail in
Chapter 3. In order to selectively place UCNPs and rods in their respective positions, we
designed a two- step filling process. Since the diameter of the UCNPs is much larger than
the width of the rectangular side trenches, nanophosphors would only fill the circular
hole in the middle of the template. As a result, UCNPs were filled in first. To remove all
the excess nanophosphor particles that would remain on the surface of the PMMA resist
after the squeegee process, we removed the resist layer by dissolving it in acetone
followed by a short sonication. The result of this process is a clean substrate with a very
high yield of particle insertion (Figure 4-3a). Next a 5 nm layer of SiO2 was deposited on
the entire sample using ALD in the Cambridge Nanotech Savanna system at 150°C. This
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thin oxide layer is deposited on top of the UCNPs in order to lock the UCNPs in place and
prevent their removal in the second step of template filling. In addition, this oxide layer
acts as a spacer barrier between nanorods and UCNPs that prevents quenching in those
emitter atoms in close proximity to the rods. Next, Au nanorods suspended in water
were inserted in the long trenches next to the nanophosphors. The process was carried
out using the same squeegee method as before. The final resulting structure has either
one or two rods placed in proper positions (Figure 4-3 b).

Figure 4- 3. (a) SEM images of the template, and alignment marks in low and high
magnification (insert) after filling the template using the squeegee process with UCNP,
and PMMA removal (b) SEM images of templates after oxide deposition and filling the
template with Au nanorods, showing the UCNPs in the center and either one or two rods
in close proximity along a single axis. Scale bar: (a): 1µm

4-4: Theoretical simulations and discussion:
In order to better understand the enhancement process, theoretical simulations
were performed with COMSOL MultiphysicsTM software for both parallel and
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perpendicular polarization directions for the two cases of a dipole in proximity to 1) one
nanorod, or 2) in between two nanorods with the exact specifications of the
experiments.

Figure 4- 4. Simulation results performed using Comsol MulthiphysicsTM of the (a)
absorption spectra of a nanorod with respect to wavelength indicating that the
resonance wavelength of the nanorod is at 980 nm. (b) Absorption enhancement for
UCNPs in proximity to a nanorod as a function of its separation distance(C) Dipole
efficiency enhancement of an emitter atom in proximity of a nanorod. (d) Total emission
enhancement caused by resonating a nanorod as a function of distance.
For case 1 where a dipole is in close proximity to a single nanorod, simulation
results show that for parallel polarization, we can expect enhanced absorption at 980 nm
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(Figure 4-4a). However, this enhancement is not the same in all positions and it is
strongly dependent on the distance of the sensitizer atom with respect to the tip of the
nanorod. Figure 4-4b shows the magnitude of absorption enhancement at various
distances from the end of the nanorod, extending along its long axis.
Emitter quantum yield enhancement simulation results were also performed as a
function of wavelength for an emitter dipole that was assumed to be positioned 15 nm
away from the tip of the nanorod. The results show an almost similar effect for the case
of 540 nm emission peak as well as the 650 nm emission peak (Figure 4-4c ). It is
important to note that quantum efficiency changes are also dependent on the distance
of the emitter to the nanorod. More simulations at various locations in proximity of
nanorod are performed as part of our ongoing investigation. The total emission
enhancement of the system, which is the product of the absorption enhancement and
quantum yield enhancement, indicates in close proximity to the nanorod a relative high
emission enhancement is created. As we get further away from the tip of the nanorod,
this enhancement decreases until it reaches unity at ~ 40 nm distance. (Figure 4-4 d).
Theoretical Simulations were also performed using COMSOL Multiphysics TM for
case 2 of an UCNP placed in between two nanorods. Figure 4-5a shows the simulations
for excitation intensity enhancement around the nanorods. In this case, we are
enhancing the excitation on two sides of the UCNP, introducing an additive effect on the
absorption enhancement of the nanophosphors (Figure 4-5b). Furthermore, the overall
interaction of two nanorods together increases the efficiency of the emitter dipole more
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than what is found in the case of a single nanorod -- therefore it increases the overall
emission enhancement (Figure 4-5c). The overall absorption enhancement for the case of
two rods is also distance dependent. For an atom in close proximity to either of the
nanorods, we are expecting large absorption enhancements. However, for an atom in the
middle of the UCNP particle, hardly any absorption enhancement is seen as shown in
Figure 4-5 d simulation results.

Figure 4- 5. Simulation results performed using Comsol MulthiphysicsTM of (a) an intensity
enhancement map of the area surrounding two nanorods in resonance (b) absorption
enhancement in the gap space in between two Au nanorods as a function of distance. (c)
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dipole efficiency enhancement for an emitter placed in the middle of the gap of the
nanorod dimer as a function of emission frequency of the dipole and (d) total emission
enhancement plot across the gap between two nanorods as a function of distance from
the center of the gap for 540 nm emission wavelength (green curve), and for 650 nm
emission wavelength (red curve).
Simulation results for quantum efficiency enhancements were performed in the middle
of the gap for this geometry showing that quenching is not an important factor in that
position. More distance-dependent simulation results are needed for various positions in
the gap to further illuminate the nature of quantum efficiency enhancement in this
geometry.

4-3: Experimental results:
We performed spatially resolved photoluminescence measurements to map the
spatial distribution of the upconverted phosphorescence from UCNPs in the template to
prove the enhancement process and its dependence on the position of UCNPs and Au
nanorods. Spatially-resolved measurements of the upconverted photoluminescence of
samples was performed under 976 nm illumination generated by a MIRA HP Ti:Sapphire
laser pumped by an 18 W Verdi diode laser. The 976 nm was focused to a 0.8 µm spot
size through an Olympus BX2 modified microscope. In order to change the polarization of
the incident light, a half-wave plate was placed in the path of the beam, and each
polarization was experimentally determined by rotating the angle of the half-wave plate
and monitoring the laser power using a power meter placed after a polarizer on the stage
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of the microscope. When the power on the meter shows a maximum, the beam incident
on the sample is the same direction as the polarization direction of the polarizer plate.
Samples were mounted on a closed-loop piezo-controlled stage (Thorlabs
Nanomax) and translated under the excitation. The mapping was conducted across an
area of 4 µm by 4 µm with 0.2 µm step size. Luminescence was collected via fiber and
carried to a monochrometer (iHR 550, HORIBA) coupled to a Si CCD camera (Symphony,
HORIBA). Mapping experiments from each sample was done continuously with the same
laser output power which was measured to be ~1.8 W at the input of the microscope, so
that we can have reliable quantitative data to compare luminescence emission in various
samples. Since emission intensity and enhancement could vary from one particle to
another to a small degree, we have performed the same experiments on a number of
samples to acquire statistics on the luminescence intensity for both case 1) UCNP-rod
and 2) rod-UCNP-rod, so that we can confidently find any enhancement that might occur
in this geometry. In addition several control experiments were performed on single
UCNPs in templates with no rod in their proximity.
The results of the preliminary experimental measurements show that for the case
of a single UCNP, there is not much difference between illuminating the nanophosphor
under parallel or perpendicular polarization as the luminescence cross section and
intensity of the emission map appear to be quite similar (Figure 4-6a).
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Figure 4- 6. a) SEM image of a single UCNP in a template and experimental results for its
spatially resolved photoluminescence maps for excitation light of 980 nm and two
different polarizations that is either polarized perpendicular to the axis of the rods, or
parallel to the axis of the rods as indicated with a blue arrow (b) SEM image of a single
UCNP in proximity to on a single Au nanorod and experimental results for its spatially
resolved photoluminescence maps for excitation light of 980 nm and two different
polarizations that is either polarized perpendicular to the axis of the rods, or parallel to
the axis of the rods as indicated with a blue arrow (c) SEM image of an UCNP spanned by
two Au nanorods and the results for its spatially resolved photoluminescence maps for
excitation light of 980 nm and two different polarizations that is either polarized
perpendicular to the axis of the rods, or parallel to the axis of the rods as indicated with a
blue arrow. Scale bars: SEM images (a),(b),(c): 100 nm, PL mapping plots: 1µm.
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Spatially resolved photoluminescence measurements for case 1 of an UCNP in
close proximity to one Au nanorod, shows higher intensity for the case where the
polarization of the incident light is parallel versus perpendicular to the long axis of the
nanorod, exciting the 980 nm resonance (Figure 4-6b). Counting the total number of
photons emitted by UCNPs alone and in proximity to one nanorod shows an
enhancement ~2- 2.5 times for the maximum emission intensity of UCNPs under
illumination with parallel polarization. This larger enhancement could be attributed to
the absorption enhancement caused by the resonant nanoantenna. Since the diameter
of the UCNPs in these experiments is not negligible, some parts of the nanophosphor
particle might experience large enhancement while other areas only experience
moderate enhancement due to their longer distance from Au nanorods.
Examining samples with nanorods placed on both sides of the UCNP, an
enhancement of ~ 3.5-4 times in maximum emission intensity compared with the nonenhanced UCNPs under parallel polarization were observed (Figure 4-6c). By comparing
the UCNP luminescent enhancement achieved with one and two nanorods, we realize
that the enhancement increases with addition of the second nanorod in an additive way.
In addition, it appears that since excitation field enhancement drops exponentially with
distance from the tip of the nanorod, we are mostly enhancing the emission of two sides
of the UCNP that are located in close proximity to either of the Au nanorods.
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4-4: Conclusion:
In conclusion, we designed and fabricated a structure based on Au nanorods and
UCNPs as building blocks for studying the effect of single emitter particle enhancement.
We studied the optical response of this structure both experimentally and with
theoretical simulations. We observed polarizability dependent enhancements in both
emission intensity and emission cross section of UCNPs in proximity to one Au nanorod
as well for the nanorod dimer geometry. Based on the preliminary data we have taken so
far, it seems that most of the enhancement is due to absorption enhancement. We
further discerned that the enhancement process at this gap distance scale is additive and
mostly concentrated at the sides of UCNPs closer to the nanorods.
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CHAPTER 5: Tunable Optical Nanoantennas
Optical antennas, similar to their radio frequency (RF) counterparts, have the
confine electromagnetic (EM) radiation to very small areas below the diffraction limit and
efficiently radiate from localized sources into the far field. These properties along with
their nanometer size scale make optical nanoantennas essential components in tailoring
the interaction of light with nanoscale matter.1 Optical nanoantennas with their unique
properties have led to advancements in various fields of nano-optics including highresolution microscopy

2,3

, emission enhancement4,5, single molecule sensing and

spectroscopy 6-9, photovoltaic 10,11, and optical communications12,13.
The extension of RF antenna design concepts into the optical regime, however, is
not straight forward14. At optical frequencies, metals are no longer perfect conductors.
Instead, incident radiation can penetrate into their surface and interact with the free
electrons creating surface plasmon polaritons (SPPs) on the surface with much shorter
wavelengths than that of the incident beam in free space.15 Therefore, at optical
frequencies, the nanoantennas plasmonic resonant frequency no longer depends on the
wavelength of the incident radiation but to this shorter effective wavelength λeff which in
turn depends strongly on the size, shape and material properties of the nanoantenna. 14,15

5-1: Plasmonic materials as circuit elements:
It has been shown by Engheta et. al. that it is possible to interpret light
interaction with nanoparticles as lumped circuit elements.16 Plasmonic and non92

plasmonic nanoparticles could be considered as nanoinductors and nanocapacitors
respectively to model more complex optical elements. Design concepts such as that of
antenna loading typically used in RF regime could then be translated into the optical
regime with a high level of control over bandwidth, efficiency and sensitivity of these
loaded nanoantennas.17,18 One of the most common types of antennas is the dipole
antenna which can be fabricated using lithographic techniques, and could be loaded at
the center gap (Figure 5-1). The optical impedance of a nanoparticle placed at this gap
becomes inductive (capacitive) for negative (positive) values of the real part of
permittivity of the particle. By proper design of the nanodisk size and material at the
center gap of the nanoantenna, the dipole reactance Xdip of the antenna could be
canceled which would result in resonance.19

Figure 5- 1. Capacitive and Inductive properties of plasmonic materials in a dipole
nanoantenna structure.
In this Chapter, we experimentally demonstrate the tunability of the resonance
frequency of a nanoantenna made with plasmonic materials (Au) and loaded at the
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center with dielectric materials of various thicknesses. In order to simplify the fabrication
process, we designed the nanoantenna array as monopole antennas on a thick Au layer.

5-2: Nanoantenna design and fabrication:
Based on mirror theory, a conductive substrate such as the one we used here
would act as half of the dipole antenna, reducing the fabrication process to that of the
top portion of the dipole antenna alone. A Au substrate was fabricated on a Si wafer
substrate by thermally evaporating a thick layer of Au (300 nm) at low temperature
(-150°C). Next, a thin layer of oxide (made of either Al 2O3, TiO2, or SiO2) of variable
thicknesses ranging from 5nm – 15 nm were deposited on top of Au substrate by atomic
layer deposition (ALD) method. This uniform layer acts as the dielectric load placed at the
center gap of the antenna. Next Patterns of nano-pillars were fabricated on the oxide
surface using double layer PMMA positive resist, and e-beam lithography. The double
layer of resist consisted of first 300 nm layer of 495 4% PMMA in Anisole solvent that was
spun at 300 rpm for 45 seconds followed by 4 minutes of baking on a hot plate at 180°C.
Next, a second thin layer (below 100 nm) of 950 2% PMMA in Anisole solvent was spun
at 5000 rpm for 5 sec followed by spinning at 3000 rpm for 45 sec. Since 950 PMMA is
denser, it tends to be more resistive against the development process, and therefore
helps in providing clean and straight profiles, while the underneath 495 PMMA creates
the thick resist layer that we require to deposit 75 nm of Au and achieve a clean lift-off.
After resist spinning, the patterns were formed by e-beam lithography technique using
an Elionix ELS-7500EX E-beam writer with 50 pA current and 50 kV accelerating voltage.
94

Figure 5- 2. Fabrication Process of the Au nanopillars.

Process of nanoantenna fabrication is depicted in Figure 5-2.
Since the optical response of a single nanoantenna would be too weak to detect,
we fabricated a two dimensional square lattice array of antennas with periodicity of 2 µm
in a 5 mm by 5 mm area. Each pillar consists of 75 nm of Au and 5 nm Ti adhesion layer
and has a diameter of 50 nm. SEM and AFM images of the pattern of fabricated antenna
are shown in Fig.5-3a, and b, and reveal the high level of control and uniformity that this
fabrication method can produce over large areas.
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Figure 5- 3. (a) SEM image of the fabricated Au nanoantenna pattern on gold substrate.
(b) AFM image of the fabricated Au nanoantenna pattern on gold substrate.

5-3: Theoretical calculations and Simulation Results:
In collaboration with Dr. Brian Edwards from the Engheta group, we performed
theoretical studies and simulations using CST simulation software. The results of our
studies show that the optical response of the resulting structure is a product of the
response of an individual antenna and the array factor which depends on the periodicity
of the fabricated array. The array factor is an important parameter in antenna design
which affects the directionality of the antenna array.
As a result, we could expect a series of bright spots at angular intervals that are
the result of the array factor effect. Figure 5-4a shows the result of theoretical
calculations and CST software simulations for the case of antennas made with no oxide
spacer layer. Plasmonic peaks around 750 nm are visible in the lobes of the antenna
radiation as expected.
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Figure 5- 4. (a) Theoretical simulations for nanoantenna array without any oxide layer (b)
Theoretical simulations on Au substrate with nanoantenna pattern with 5 nm Al2O3 oxide
layer (c) Theoretical simulations on Au substrate with nanoantenna pattern with 5 nm
Al2O3 oxide layer (d) the resulting shift in the plasmonic resonance response of the
antenna array with changing thickness.
Figure 5-4b shows the simulation results when we introduce a 5 nm Al 2O3 load in
the gap of the nanoantennas while simulation results for the case of 10 nm Al 2O3 layer
load in the antenna gap is shown in figure 5-4c. Our simulation results indicate that as we
increase the thickness of the oxide spacer layer, the resonant peak of the antennas blue
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shift towards shorter wavelengths. As it is shown in figure 5-4d, this change is on the
order of 10 nm for each additional 5 nm increment of Al2O3 added in the gap of the
antenna. In addition, we can expect the resonance to be weaker and narrower as the
oxide layer thickness increases.

5-4: Experimental Set-up:
Optical measurements for the array of nanoantenna were carried out with a
super continuum white light laser as the light source. A prism closely followed by a pin
hole functioned as a monochrometer in order to separate the wavelengths of light, and
allowed the wavelength of illumination to be tuned. By placing a mechanical chopper in
the path of light, we added a modulation frequency to the incident light to increase our
signal to noise ratio. A photo diode mounted on a motorized arm sweeps across the front
face of the sample in a 180° sweep to detect the scattered light created by the
nanoantenna array. The detected signal is normalized to the incident light intensity and
recorded. The measurement set-up and components are depicted in Figure 5-5.
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Figure 5- 5. Experimental Set-up for the measurement of the scattering signal of
the nanoantennas at various angles and various wavelengths.

5-5: Experimental Results and discussion:
The results of sweeping the three dimensional data collection for the case of no
oxide gap layer is shown in Figure 5-6. We can see that the antenna array pattern is
clearly visible and that we do seem to have peaks between 600 -750 nm. However, the
peaks are not as narrow and defined as the simulation results predict.
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Figure 5- 6. Experimental results showing the array of nanoantenna pattern and the peak
positions as a function of wavelength and angle in three dimensions, and the same map
produced by simulation results for a nanoantenna array made without any oxide gap.

At the same time, comparing the resonant peak for samples with various oxide
thicknesses in their antenna gap (Figure 5-7a,b), cannot conclusively discern a pattern
change that is consistent with the change of the oxide layer thickness. There seem to be
more than one prominent peak in each case. In addition, we expected that according to
our theoretical studies, we should expect a blue shift in the resonance of the
nanoantenna array as we increase the thickness of the oxide layer in the antenna gap,
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but we cannot discern a blue shift in the pattern change which follows a consistent trend
from sample to sample.

Figure 5- 7. Experimental results showing the antenna array and peak positions for two
cases of Au nanoantenna arrays built on a Au substrate with (a) 5nm of Al 2O3 and (b) 10
nm Al2O3.
It appears that there might be several reasons for the final confusing results:
firstly, the electromagnetic losses that occur in the deposited Au film seem to be greater
than what we have expected based on simulations. This loss is apparent in our damped
and very broad peaks seen in Figure 6-5. Even though this type of damping is to be
expected in experimental results due to grains of evaporated material, it appears that
the damping has affected our ability to detect the small changes in the oxide layer gap.
In addition, we observed degradation of our structure in relatively short span of
time within days after fabrication which could indicate a possible tendency of Au atoms
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to diffuse away from nano-pillar arrays and into the substrate and therefore changing the
nanoantenna array designed structure.
Furthermore, our low signal to noise ratio was also responsible for introducing
errors into the peak mapping process that could prevent us from correctly discerning the
major plasmonic peak of the array.

5-6: Conclusion:
In collusion, we were able to successfully fabricate a sub 100 nm antenna array
with high length to diameter aspect ratios approaching the limits of e-beam lithography
fabrication capabilities. In collaboration with Engheta group, we performed simulations
and theoretical studies on the response of such antenna arrays and designed and carried
out a measurement set-up that was automated to collect the optical response of the
antenna array at various angles in small wavelength increments. However, due to several
reasons we described above, we were not able to draw conclusive results from our
extensive studies.
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CHAPTER 6: Future Work:
6-1: Plasmonically Enhanced Emitters as nanoscale Light Sources:
Plasmonic field enhancement inside apertures such as the ones we explored in
Chapter 3 has been used for various applications benefiting from localized
electromagnetic field enhancement. Applications such as enhancement of sensor and
detector performances have been extensively studied.1–4 Yet another interesting and less
explored application for plasmonic enhancement of luminescent materials is to create
locally enhanced light emitting sources5,6. These light sources could even be patterned
and placed at the desired locations as they would be needed.
The nanohole array template that we explored in chapter 3, provides a relatively
easy and feasible way to create templates in large scale where emitters can be placed in
relatively close proximity to one another, in the same order as the resonant wavelength
of the emitters. Furthermore, the aperture in such arrays can be tailored to hold more
than one emitter as seen in Figure 6-1a, b and c. In addition, various shapes of the holes
in the array could also be explored such as the ring array shown in Figure 6-1d.
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Figure 6- 1. SEM images of nanohole arrays in PMMA resist tailored to house (a) two and
(b) three UCNPs per aperture. (c) SEM image of a Au nanohole array fabricated with wet
etching technique tailored to house 3 UNCPs per aperture. (d) SEM image of nano-ring
array in PMMA resist. Scale bars: (a): 500 nm (b) 1 µm (c) 1 µm (d)500 nm.
Patterning such nanohole arrays could also be achieved if it would be needed for
a certain application where exact placement of emitters is important. In order to
selectively place emitter particles such as UCNPs inside certain apertures, we propose
using a second lithographic step that would be done after the initial fabrication of the
nanohole array. In this method, we use positive resist such as PMMA to coat the surface
of the template first. Taking advantage of e-beam lithography we can then expose a
pattern overlapping the original hole-array that would open certain apertures allowing
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selectively for particle filling. During the development process, PMMA resist on top of
aperture areas that have been exposed by e-beam lithography would be washed away,
and the underneath apertures would be exposed. They can later on be filled with
emitter particles using the same squeegee method used before. The steps of this process
are depicted in Fig. 6-2a and a schematic of a final template with selective emitters in the
form of the shield of University of Pennsylvania is depicted in Figure 6-2b.

Figure 6- 2. Schematic of the fabrication process for selective filling of the nanohole
template using PMMA positive resist, and e-beam lithography technique. (b) Schematic
of the final filled template with selective placement of UCNPs in the form of the shield of
the University of Pennsylvania.

We can even extend our design to include plasmonically enhanced single emitters
in structures that resonate at its excitation wavelength. One such structure having the
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potential to locally enhance luminescent emission is the bull’s-eye pattern that takes
advantage of plasmonic properties of periodic concentric rings in metallic substrates. 7,8
The bull’s eye pattern provides a good opportunity for a single emitter to be placed at
the center while the resonating array of rings will cause luminescence enhancement.
Future work could include fabrication of the aforementioned selectively filled
templates, or plasmonically enhanced single emitters in structures such as bull’s eye
structure that allow for plasmonic enhancement of single emitters.
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6-2: Mechanical Assembly of Nanoparticles:
Controlled assembly of nanoparticles in the template is an essential component in
an enhancement experiment. The ideal outcome in nanoparticle assembly is to have
clean surfaces with a high yield filling process which would be reproducible and
consistent. Even though the squeegee process that we have used throughout this thesis 9
can give a very high filling yield and the results are fairly reproducible, solvents with
relatively low boiling points such as hexane and octane have to be used. This is because
the best results in the squeegee process are achieved when the solvent at the edge of
the droplet evaporates and accumulates a high quantity of nanoparticles that could then
fill the holes as the droplet is dragged across the substrate.10
However, for high boiling point solvents such as water, the squeegee process has
to be done very slowly to obtain the same high particle concentration at the edge of the
droplets, and therefore the process becomes very inefficient. In addition, some surface
modification is required in many cases to increase the hydrophillicity of the surface in
case of using water as the solvent. Additionally, whenever a very clean surface was
desired for an application throughout this thesis, we had to include a removable layer
(either PMMA resist or Cr masking layer) that would be dissolved at the end to remove
access of the particles to the surface of the substrate that hadn’t been inserted into the
template. This layer removal might not be possible or desirable in some applications,
therefore requiring new and improved methods of particle insertion.
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In recent years, a few groups have shown another possible way of nanoparticle
insertion that takes advantage of the capillary forces of the solvent in which the particles
are dispersed 10–12. A drop of solution is placed on the substrate, and gradually dragged
across the surface with the help of a glass piece which does not touch the substrate.
Unlike the squeegee method we used here, this glass piece does not act as a wiper in the
second method, so the only force acting on the particles from the outside are gravity and
capillary forces. Since the relative movement of the droplet with respect to the substrate
could occur at relatively low speeds of down to 1µm sec -1, this method tends to give
higher yield and more reproducible results for higher boiling point solvents such as
water.
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Figure 6- 3. Schematic showing controlled particle placement through convective and
capillary assembly using electromechanical assembly. Reproduced from : Langmuir
2007, 23, 11513.

In collaboration with Nicholas Greybush who set up this mechanical system in the
Kagan laboratory, we tried this new filling method using Au nanorods dispersed in water
and templates made with e-beam lithography and dry etching techniques on silicon
dioxide substrates.

Figure 6- 4. SEM images of the SiO2 template after Au nanorod filling with the new
electromechanical set-up and the effect of alignment marks in (a) low magnification and
(b) high magnification. Scale bars: a: 10 µm, b:1 µm

The filling process yield depends on several factors including the temperature of
the surface and solution, velocity of the moving stage, surface properties of the substrate
and concentration of the Au nanorod solution. The results of one of these attempts are
shown in Figure 6-4 a,b.

Results of our studies indicate that in addition to
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aforementioned factors, the shape of the alignment marks placed on the sample and the
direction of the stage movement with respect to those alignment marks can actively
impact the yield of the filling process.
Future work will include changing the shape and dimensions of the alignment
marks to increase the effect of capillary forces on template filling, and employing various
concentration, speed, and direction trials to find the optimum conditions for a high yield
filling process for the templated areas but a clean substrate otherwise.
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6-3: Other Routes to Large Area Nano-Hole Arrays: Nanoimprinting, and
Nanosphere Lithography
One way to achieve large area fabrication of nanostructure arrays is to use other
methods of nanofabrication instead of e-beam lithography which tends to take hours to
create dense patterns in millimeter scale. Some of these methods include
nanoimprinting13,14, and nanosphere lithography15–18 techniques. In collaboration with
Dr. Sung-Hoon Hong in the Kagan group we were able to fabricate nanohole structures in
centimeter scale using both nanoimprinting and nanosphere lithography techniques.

Figure 6- 5. SEM images of Au template examples fabricated using (a) nanoimprinting
lithography and (b) nanosphere lithography technique. Scale bar: (a)1 µm, (b)3 µm
In the nanoimprinting technique, first a master template is made by e-beam
lithography. This master template is then transferred into PDMS creating a stamp that
would be used to make many samples in a relatively short time scale. As a result, any
structure that can be made with e-beam lithography has the ability of being produced by
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this technique which includes very small and high resolution patterns and high density
designs.
The other fabrication technique that can replace e-beam lithography is nanosphere lithography. Nanosphere lithography can produce very large scale patterns in
much shorter time scale compared to e-beam lithography. By choosing the right size
spheres and placing them in close packed geometry, a dense pattern that is very hard to
produce by other lithography methods can be fabricated. Furthermore, by using various
etching techniques after close packed assembly of spheres has been achieved, allowing
us to reduce the diameter of the spheres, and create a larger gap between holes. As a
result, changing of the periodicity of the array becomes possible. However, the close
packed assembly of spheres results in hexagonal lattice geometry, which should be taken
into account while designing a resonant array.
Future work includes taking advantage of new fabrication techniques to make
array templates in large areas and in short time scale.
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6-4: Nanorod Resonance:
In Chapter 4, we studied the enhancement effects of Au nanorods on single
UCNPs by placing them in templates in close proximity of one another. The same method
of template fabrication and nanorod placement could be used to experimentally study
the optical properties of Au nanorod dimers as the rods approach end-to-end or side-toside to such close proximity where quantum effects become important19. Similar single
nanorod resonant studies or the coupling effects that occur when nanorods are in
proximity to one another has been studied before by several groups.

20–21

However, the

placement of the nanorods and their interparticle distances has been mostly random in
these studies. It would be advantageous to be able to place nanorods in desired
distances from one another by controlling their spacing with properly designed
templates, and nanorod surface ligands with desired length that could act as the spacer
layer between two nanorods. The Kagan group’s recent studies on the effects of ligand
exchange on the distance between nanoparticles performed by Dr. Fafarman gives us the
ability to even exchange the ligands on a nanorod after template placement and study
the changes that this distance variation could cause22.
In order to study the effect of coupling on the scattering response of few
nanorods, we used dark field imaging and spectroscopy technique in collaboration with
Dr. Xingchen Ye of Murray group who has set up a dark field imaging microscope
accompanied with a Craic spectrometer that would allow us to study the scattering
spectra from nanoparticles such as Au nanorods in our study.
115

As it is schematically depicted in Figure 6-6a, dark field spectroscopy uses a
specially tailored objective lens that blocks direct illumination of the sample and at the
same time, prevents entrance of specular reflection of incident light back into the
spectrometer. As a result, we can collect the spectra of the scattered light by the
particles. These spectra can be directed to a spectrometer to record the data. The dark
field microscope set up in Murray lab and the accompanying Craic spectrometer is shown
in Figure 6-6b.

Figure 6- 6. (a) Schematic of the ray tracing inside a dark field imaging microscope. (b)
Set-up of dark field microscope in combination with the Craic spectrometer used for
single particle imaging (c) dark field image of an Au nanorod sample showing them in
clusters and as single particles (d) scattering spectra of various single particles on the
sample taken with dark field imaging technique.
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Figure 6-6c shows an image from the dark field microscope showing clusters of
few nanorods as well as single nanorods as bright spots. Using a 100X objective with 0.9
in numerical aperture, we were able to collect the data for single nanorods of 150 nm
length and 25 nm in diameter as it is shown in Figure 6-6d.
Future work will involve placing Au nanorods in glass templates in close proximity
of one another and studying the effect of changing their interparticle distance by varying
ligand lengths attached to each rod in a ligand exchange process after particle insertion.
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Chapter 7: Concluding Remarks:
Plasmonics, as a relatively new branch of science, has grown tremendously with
many applications in biomedical sciences, photovoltaic, sensors and enhanced
spectroscopy methods.

One such applications would be to take advantage of the

electromagnetic field localizations to enhance luminescence emission of low quantum
yield phosphorescence materials that upconvert light to shorter wavelengths.
We began our study in this thesis by studying the mechanisms involved in
plasmonic and metal-induced luminescence enhancement, and ways in which we can
take advantage of plasmonic building blocks such as metallic nanoparticles to engineer
structure that would result in maximum enhancement for these upconverting
nanophosphors.
In chapter 2, we designed a structure with tunable oxide spacer layer that took
advantage of metal-induced effects of Au and Ag nanoparticles in proximity of UCNPs.
We were able to fabricate large area samples using a monolayer of UCNPs deposited by a
transfer method that enabled us to make reproducible samples and detect them with
steady state and time resolved PL measurements. By means of our study, we were able
to find the optimal distance for maximum UCNP enhancement for the case of Au and Ag
nanoparticles.
In Chapter 3, we designed and fabricated a nanohole array that was resonant at
the excitation wavelength of the UCNPs, and could enhance absorption rate of the
nanophosphors. We engineered a way to fabricate the structure and place the UCNPs in
120

the nanohole array that would produce high yield as well as clean substrate surface. This
structure could then give us reliable results in steady state and time resolved PL
measurements that compared the enhanced luminescence of UCNPs in this structure
with controlled structures made in glass substrates.
In chapter 4, we combined our knowledge gained in previous chapters and
designed a structure that would take advantage of both plasmonic absorption
enhancement as well as metal-induced emission enhance in UCNPs. We designed the
structure based on Au nanorods resonant both at the excitation and emission
wavelengths of UCNPs depending on the polarization of the incident light. We
experimentally and theoretically studied this structure in collaboration with members of
the Kagan, Engheta, and Murray groups.
In chapter 5, we designed a nanoantenna array that could potentially be tuned by
changing the oxide layer in the antenna gap. We successfully fabricated this structure
and experimentally and theoretically studied its optical response as a function of
wavelength and angle. Due to unforeseen reasons that were explained in chapter 5, we
were not able to conclusively observe the sensitivity change we expected, but we were
able to learn a great deal about the designing and fabrication of such devices in very
small scale.
With exciting new theoretical discoveries in the plasmonic field and development
of new fabrication and assembly methods, there is much to be learned and explored in
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this field of science, and it is my hope that the work in this thesis would illuminate and
inspire others to join the quest of knowledge in this field.
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